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Abstract  

 

Primarily, the focus of this project was to investigate hair bleaching and dyeing 

mechanisms, in the presence of ammonia or ethanolamine (MEA), at room 

temperature. Firstly, the mechanism of hair bleaching by alkaline hydrogen 

peroxide was explored, using homogeneous solutions of Sepia melanin free acid 

(MFA) as a model for hair melanin. UV-vis spectroscopy was applied to study the 

rate of melanin bleaching under various conditions. It was established that both 

hydroxyl radicals and perhydroxyl anions are involved in the bleaching of melanin. 

Hydrogen peroxide decomposition and Sepia melanin oxidation were then 

monitored using homogenous model bleaching solutions, to see if differences in 

hair bleaching when MEA is used instead of ammonia could be explained by a 

change in chemistry. Dissimilarities were found in ligand-free and etidronic acid 

(HEDP) systems when the base was altered, due to the presence of differing metal 

complexes. However, when strong chelating ligands such as 

ethylenediaminetetraacetic acid (EDTA) are used, no differences were apparent in 

homogenous model bleaching systems.  

The mechanism of dye formation inside hair fibres was then investigated, due to the 

observation that catalase accelerates the oxidation of dye primaries in aqueous 

solutions. Dye formation was studied by UV-vis spectroscopy. It was shown that 

metal ion centres are predominantly responsible for the formation of dyes in the 

hair cortex. Fe(III) proved to be a more effective catalyst for dye production than 

Cu(II).  

Finally, the effect of MEA on the rate of hair dye formation in aqueous systems was 

studied, using HPLC and UV-vis spectroscopy. The rate of colour formation in MEA 

based formulations was found to be greater than in ammonia systems, possibly due 

to slower degradation of the dyes in MEA systems. It was also found that 

nucleophilic attack of MEA on preformed dye molecules leads to the formation of 

different dyes, which incorporate the base into their structure. The formation of 

these dyes greatly changes the colour of model aqueous dye solutions. 
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Chapter 1 ɀ Introduction  

 

1.1 A brief history of hair colouring  

 

Humans are perhaps the vainest of all the mammals. For over 4000 years various 

techniques have been employed to alter the natural colour of human hair fibres. 

There is now evidence to suggest that hair colouring started with the ancient 

Egyptians, who went as far as using nanotechnology to cover up their grey hairs. 

This is the first documented use of hair dyes and it involves the uptake of black PdS 

nanoparticles by hair, which masks the natural colour1. Since then, different 

methods have been used to alter the colour of hair fibres, including the use of 

organic dyes from henna, marigolds and hibiscus.  

In approximately 1860, it was discovered that hydrogen peroxide could be used to 

lighten the natural colour of hair in a bleaching process. This started a prolonged 

period of hair loss and scalp burns, but also led to the development of permanent 

hair dyes, in the early 20th century, which use phenylenediamine and hydrogen 

peroxide2. 

From the time that these colouring systems containing hydrogen peroxide were 

introduced and marketed, there has been a host of research dedicated to their 

improvement. This thesis contributes to this research. 

 

1.1.1 Modern hair colouring  

  

Today millions of people worldwide use hair colouring products, which can be 

separated into 2 major categories, besides bleaching. 
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1. Semi-permanent dyes 

Semi-permanent dyes, as the name suggests, alter the colour of the hair fibre but 

these dyes can be eventually washed off the hair fibre. The hair will at this point 

return to its natural colour as the treatment does not chemically alter the natural 

shade of the hair fibre. Generally, temporary colouring of hair is achieved by the use 

of pre-formed dyes, based on aromatic nitro compounds that are relatively low in 

molecular weight, compared to those formed in permanent dye systems3. An 

example of the structure that these semi-permanent dyes are based on is shown in 

Figure 1. The R groups are changed between hydrogen atoms, alkyl groups and 

hydroxyethyl groups to achieve a range of colours across the entire visible 

spectrum3, 4. 

 

 

Figure 1: The general structure of some semi-permanent hair dyes3, 4. 

 

2. Permanent dyes  

In contrast to semi-permanent dyes, permanent dyes involve the formation of dye 

molecules within the hair fibre, where they are trapped and prevented from being 

washed out. As mentioned earlier they are based on systems that use precursors, 

such as p-phenylenediamine, and hydrogen peroxide to generate dye molecules 

that have a relatively high molecular weight, when compared with the semi-

permanent dyes. Some examples of the structures of the dyes produced during this 

treatment are shown in Figure 94 and Figure 103. Again, by varying functional 
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groups on the precursors, a range of colours across the entire visible spectrum can 

be produced. 

This work focuses on systems that make use of hydrogen peroxide to alter hair 

colour permanently either through bleaching and/or permanent oxidative dyeing. 

The chemistry of these processes will be discussed in more detail later. Before the 

chemistry behind hair colouring can be discussed, it is important to appreciate the 

structure and function of hair fibres and also to understand what is responsible for 

the natural colour of such fibres. 

 

1.2 Human Hair  

 

1.2.1 The function of human hair  

 

The two major functions of hair in non-human primates are camouflage and 

thermoregulation. Undoubtedly, these are important factors for the survival of 

primates in the wild. However, for humans, changing selection pressures over time 

has generally led to a decrease in hair cover, due to the change in the structure of 

hairs. Generally, less of a change has been observed for human head hair. It is 

thought that this is due to the role scalp hair plays in the thermoregulation of the 

brain. Human hair can also serve many other purposes including, protecting the 

body from harmful UV rays, helping with touch and sense and excreting toxic 

substances, such as arsenic5, 6. 

 

1.2.2 The structure of human hair  

 

The structure of a human head hair fibre is shown in Figure 2. The sheath that 

surrounds the whole hair structure forms part of the hair follicle. This is where hair 

cells are originally made and then die as they are pushed upwards by newly formed 
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hair cells, to form the hair shaft. The outer layer of the hair shaft is formally 

considered to be the cuticle. 

 

 

Figure 2: Cross-section of a human hair fibre7 

 

The cells in the cuticle layer are flat, square sheets that overlap each other 

extensively, as shown in Figure 3. This arrangement of these cells protects the hair 

from mechanical stress and ensures that as the hair fibre grows, any dirt and old 

cells are removed8. In addition to this, the hydrophobic molecule 18-

methyleicosanoic acid is bound to surface proteins of the cuticle9. This is thought to 

provide a water repellent layer that assists with the drying of the hair fibre8. In 

short, this layer is essentially designed to protect the inner layers of the hair shaft. 

 



Chapter 1 

6 
 

 

Figure 3: SEM image of a human hair fibre8 

 

The cuticle cells are firmly attached to the cortex. This layer is made up of elongated 

cells that are orientated along the fibre, to provide further mechanical strength8. It 

is here where melanin granules can be found within the hair shaft10. It is thought 

that melanin produced by the melanocytes in the hair follicle is ingested into 

cortical cells by phagocytosis11. It is the melanin pigment in the hair cortex that is 

responsible for the natural colour of hair fibres12, 13. The function of the final part of 

the hair shaft, the medulla, is currently unknown. 

 

1.3 Melanin Pigments  

 

As mentioned above, it is the pigment melanin that is responsible for the natural 

shade of human hair. Melanin predominantly exists in two forms in human hair, 

eumelanin is brownish black and pheomelanin is reddish yellow14, 15. The exact 

colour of hair fibres depends on the exact ratios of these melanins within the hair 

fibre. 
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1.3.1 Melanogenesis 

 

As mentioned earlier, melanin is made in the melanocytes before it is transferred to 

the hair cortex. The biosynthesis of melanin is referred to as melanogenesis. 

The primary building block of both pheomelanin and eumelanin is the amino acid 

tyrosine. Inside the melanosome, the enzyme tyrosinase converts the tyrosine to 

dopaquinone, through dopa. At this stage the incorporation of cysteine into the 

biosynthetic pathway can lead to the formation of pheomelanin. However, if 

cysteine is not included, the dopaquinone is cyclised to form cyclodopa. Cyclodopa 

can also be converted to dopachrome, with the simultaneous transformation of 

dopaquinone to dopa. Finally, the tautomerisation of dopachrome by dopachrome 

tautomerase leads to the formation of DHI (5,6-dihydroxyindole) and DHICA (5,6-

dihydroxyindole-2-carboxylic acid). Eumelanin is a complex mixture of oligomers, of 

varying chain length and branching, which are comprised of cyclodopa, 

dopachrome, DHI and DHICA. This synthetic pathway is outlined in Figure 416, 17. 
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Figure 4: Scheme to show the biosynthesis of eumelanin and pheomelanin17 

 

When cysteine is incorporated into the melanogenesis, this leads to the production 

of pheomelanin by melanocytes. This occurs because of a mutation of the 

melanocortin 1 receptor (MC1R) gene, which is responsible for the variation of skin 

and hair colour in humans18. The biosynthetic pathway for the production of 

pheomelanin is outlined in Figure 5. As is shown, cysteine reacts rapidly with 

dopaquinone to form 5-S-cysteinyldopa predominantly with a small amount of 2-S-

cysteinyldopa being formed. These cysteinyldopas are then oxidised by 

dopaquinone to form cysteinylquinones and dopa. The cysteinylquinones are then 

cyclised to form benzothiazine intermediates, which are further oxidised to make 

up pheomelanin19. 
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Figure 5: The biosynthetic pathway for the production of pheomelanin from 

dopaquinone 

 

These biosynthetic pathways result in the monomers that make up eumelanin and 

pheomelanin oligomeric chains. The main monomers associated with each melanin 

are shown in Figure 6 and Figure 7, whilst the tentative structures of eumelanin and 

pheomelanin oligomers are represented in Figure 8. However, in reality, melanin 

oligomers that are produced are a complex mixture of pheomelanin and eumelanin 

units16. This results in a wide variation of human hair colours.  
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Figure 6: The main monomer building blocks of eumelanin16, 19. 

 

 

Figure 7: The benzothiazine monomer units that are the basis of the formation of 

pheomelanin oligomers16, 19. 

 

 

Figure 8: The tentative structures of the eumelanin and pheomelanin oligomers16. 
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1.3.2 Structural studies of eumelanin from both human hair and cuttlefish 

ink  

 

The tentative structure of eumelanin is shown in Figure 8. It is worth noting that 

linkages between monomeric units may also be present between the 2 and 3 

positions of the indole ring, if carboxylate groups are not present in these positions. 

This leads to complex mixtures of randomly organised oligomeric chains, coupled 

with the fact that these are relatively insoluble in practically all solvents, the 

structures are very difficult to ascertain20. 

Various studies have been attempted, with the intention of clarifying the structure 

of eumelanin in more detail. For several years the oxidative degradation of melanin 

was studied using various methods, including acidic permanganate oxidation and 

alkaline hydrogen peroxide oxidation21-23. Using these methods the degradation 

products can be separated and quantified using HPLC. Under these conditions, 

eumelanin breaks down to form pyrrolic acids24. Pyrrole-2,3,5-tricarboxylic acid 

(PTCA) and pyrrole-2,3-dicarboxylic acid (PDCA) can be used as specific markers for 

the detection of dihydroxyindole carboxylic acid (DHICA) and dihydroxyindole (DHI) 

monomeric units (Figure 6) of eumelanin, respectively25. Although these methods 

serve to give an indication of the quantities and types of units present, they do not 

give any indication as to how they are linked together. 

NMR is generally a powerful tool for determining the structure of complex 

molecules. However, the low solubility and irregular arrangement of oligomeric 

chains leads to broad lines in the NMR spectra of melanins26. Nevertheless, various 

types of NMR experiments have been employed in order to gain more insight into 

how the monomeric units of melanin are bound together, including solid-state 

cross-polarization magic angle spinning (for 13C and 15N NMR)27, water suppression 

experiments for 2S homo-nuclear decoupled 1H NMR experiments26 as well as 2D 

INEPT solid state (1H-13C) NMR28. 

The studies yield spectra that are still rather broad, however some useful 

information has been determined from the data acquired, including the amount of 
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protons per structural unit and estimations of unit molecular weight. Attempts have 

also been made to determine the relative DHI and DHICA content of melanins, as 

well as the preferred positions of substituents on the indole ring. The linkages 

between DHI units are still unresolved even with these results. However, it is 

proposed that DHICA units are mainly aligned in a linear manner, due to the 

carboxylate substituent on the 2 position of the indole ring, which prevents linkages 

at this position (Figure 9)29. If DHICA units are adjacent to each other in the melanin 

oligomer then this could be the preferred linkage of the monomers. However, the 

presence of DHI units in melanin will disrupt the sequence of DHICA units 

connected together. 

 

 

Figure 9: The proposed alignment of DHICA units of eumelanin from NMR studies29. 

 

Linkages between DHI units have been visualised using STM and molecular 

modelling. The structure in Figure 10 was determined to be viable for synthetic, 

tyrosinase-based melanin (DHI units only)30. The presence of DHICA units would 

interrupt this arrangement of DHI monomers. However, the study showed that DHI 

can form linkages between the 2,3,4 and 7 positions of the indole ring. 
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Figure 10: The proposed structure for tyrosinase-based melanin 

 

Unfortunately, the structures shown in Figure 9 and Figure 10 cannot exist 

exclusively for biosynthesised eumelanin, as it contains mixtures of DHICA and DHI 

units. Therefore, the tentative structure in Figure 8 is currently the most accepted 

picture of the possible linkages between monomers. 

In addition to providing the natural pigmentation of hair, melanin also plays a vital 

role in mammalian skin. Again it provides the pigment, but eumelanin can also act 

as a powerful antioxidant in order to protect cells from damage by reactive oxygen 

species (ROS), such as hydroxyl radicals and superoxide anions, formed on exposure 

to UV radiation17. The reaction of melanin with the superoxide anion is outlined on 

page 60. By contrast, pheomelanin has been the subject of multiple studies that 

suggest it behaves as a prooxidant, leading to cell damage in the skin that results in 

sun burn and melanoma31-33. The antioxidant activity of eumelanin means it is also 

suited to a protective role in the retina34. Additionally, structurally similar 

neuromelanin is present in the human brain, the biological role of which is not fully 

understood35-37Φ IƻǿŜǾŜǊΣ ŀ ƭƛƴƪ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ōŜǘǿŜŜƴ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ 

lower neuromelanin levels, demonstrating the potential importance of 

neuromelanin in the prevention of cell death38. 
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1.4 The chemistry of hair c olouring  

 

By studying the structure of hair and how natural colour arises, the process of hair 

colouring can be understood in greater detail. This thesis focuses on άpermanentέ 

hair colour changes, including bleaching and oxidative dyeing. 

 

1.4.1 Hair Bleaching  

 

As mentioned earlier, hydrogen peroxide has been used to lighten the natural shade 

of hair for almost 150 years. In order for this chemically induced hair bleaching to 

occur it is necessary to break down the melanin granules in the hair cortex that are 

responsible for the natural colour of the hair39. This poses a significant challenge 

when the structure of hair fibres is considered.  

Firstly, the cuticle is protected by the hydrophobic layer consisting of lipids, 

including 18-methyleicosanoic acid. This may help to prevent the diffusion of 

oxidants within aqueous dye baths into the hair cortex. Additionally, the structure 

of the cuticle itself forms a barrier, which also helps prevent the diffusion of 

substances into the hair cortex8. It is therefore important to discuss how the 

diffusion of aqueous solutions of hydrogen peroxide into the hair cortex can be 

facilitated. 

On immersion in water, hair fibres are known to swell. This is due to the disruption 

of hydrogen bonds within proteins inside the hair40. However, Wolfram has shown a 

relationship exists between the pH and the extent of swelling that occurs41. This 

could be rationalised by the deprotonation of protein side-chains at high pH, 

leading to a build-up of negative charges that repel each other. Additionally, the 

cleavage of disulphide bonds may contribute to the expansion of fibres10, 42. 

Swelling of hair fibres facilitates the diffusion of hydrogen peroxide through the 

cuticle layers. Therefore, ammonia can be used to assist diffusion, as it will result in 

an alkaline pH that leads to significant hair swelling43, 44. A combination of ammonia 
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and hydrogen peroxide has also been shown to break up and solubilise 

heterogeneous melanin granules effectively. This occurs as melanin is converted 

into melanin free acid (MFA), which is a more soluble form of melanin. Conversion 

of melanin into MFA is accompanied by a slight structural change, discussed in 

chapter 2. It does not result in substantial colour change of the hair. However, 

solubilisation of the pigment is sometimes a prerequisite for bleaching to occur. The 

oxidative breakdown of melanin that follows during bleaching has been proposed to 

lead to voids within the hair fibre, which also contribute to hair fibre swelling41. 

As well as facilitating diffusion, the alkaline pH (usually this is approximately pH 10) 

results in the deprotonation of hydrogen peroxide (pKa = 11.65) to generate the 

perhydroxyl anion45. This is a critical function of ammonia in bleaching systems, as 

the perhydroxyl anion is thought to be an active oxidant in the melanin bleaching 

process46. 

Unfortunately, the combination of ammonia and hydrogen peroxide on the human 

hair leads to complications with the bleaching procedure, that lead to the hair fibres 

becoming damaged due to the presence of metals on hair fibres. 

 

1.4.1.1 Hair Damage 

 

Hair fibres naturally contain an abundance of endogenous metal ions, within the 

hair fibre and exogenous metal ions bound to the surface of hair fibres. Endogenous 

metal ions enter the hair when it is made in the follicle. Exogenous metal ions are 

present when hair comes into contact with the local environment, for example 

when the hair is washed. Water is the biggest factor that influences the type and 

quantity of exogenous metal ions found on the surface of hair. Obviously the types 

and amounts of metal ions that are transferred from water to hair fibres varies 

greatly depending on geographical location, as the global distribution of metal ions 

in water itself differs47. Other factors that influence the amounts of metal ions 

found both within hair fibres and on the surface of fibres include, age, ethnicity, 
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condition of the hair and any pretreatments that the hair has been exposed to. 

Table 1 shows the results from a recent global study by Godfrey, which determined 

the mean amounts of some metal ions found on hair fibres.  

 

Metal ions 
Mean concentration / 

ppm 

Ca2+ 4625 

Mg2+ 302 

Cu2+ 45 

Fe3+ 27 

Table 1: The mean levels of exogenous metal ions found on the surface of human 

hair samples from around the globe47 

 

The study also compared metal levels on hair fibres of both colourant and non-

colourant users. It was seen that the amounts of Mg2+ and Ca2+ rise for individuals 

that colour their hair. However, the amounts of Cu2+ and Fe3+ remained similar. The 

authors concede that these results may underestimate the actual amounts present 

during the colouring process, as it is thought metal ions may be complexed by 

components within the formulations and rinsed out after application. The greater 

metal ion contents on the hair fibres of hair colourant users may be attributed to 

the formation of carboxylate anions and sulfonic acids during protein oxidation 

(discussed on page 22). These acids can also bind metal ions upon washing, thus 

increasing the amounts found on hair fibres that have been damaged by colouring10, 

48-50. 

Whilst the literature shows a correlation between copper levels and the level of hair 

damage caused by UV radiation51, it is also known that the presence of copper and 

iron cause complications in the presence of alkaline hydrogen peroxide, as this 

leads to Fenton(-like) chemistry52. 
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1.4.1.2 Fenton chemistry 

 

In 1894 Fenton discovered that a mixture of an iron salt with hydrogen peroxide 

resulted in the oxidation of tartaric acid52. It was later proposed that iron salts lead 

to the decomposition of hydrogen peroxide to form reactive intermediates that are 

responsible for the oxidation53. To this day the exact mechanism by which hydrogen 

peroxide is decomposed by metal ions, such as Cu2+ and Fe3+ is not fully understood, 

despite knowledge of the chemistry dating back to 1894. There are currently two 

proposed mechanisms by which the hydrogen peroxide is suggested to decompose, 

the radical pathways and the non-radical pathways. 

 

1.4.1.3 The radical pathway  of hydrogen peroxide decomposition  

 

The radical pathway of hydrogen peroxide decomposition was the first mechanism 

suggested by Haber and Willstätter in 193154. Since then continuous publications 

have arisen, suggesting different or additional steps to the mechanism53. The key 

steps are outlined in the scheme below55, 56. 

 

H2O2 + Fe3+ ĄFe2+ + -ωO2 + 2H+ (1) 

H2O2 + Fe2+ Ą Fe3+ + HO- + HOω (2) 

HOO- + Fe3+ Ą Fe2+ + HOOω Ą -ωO2 + H+ (3) 

Fe3+ + O2
ω- Ą O2 + Fe2+ (4) 

O2
ω- + H2O2 Ą HOω + HO- + O2 (5) 

 

Step 1 is responsible for the production of the superoxide anion. However, it also 

gives Fe(II), which reacts very quickly with hydrogen peroxide to give the hydroxyl 
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radical (HOω) in step 2. Generation of the superoxide anion is also possible under 

basic conditions, when hydrogen peroxide is deprotonated to give the perhydroxyl 

anion. Electron transfer between redox metal ions and the perhydroxyl anion gives 

the perhydroxyl radical, which is deprotonated to give superoxide anion (step 3). 

Superoxide anions can either react with hydrogen peroxide to generate hydroxyl 

radicals (step 5), or they can react with metal ions to regenerate Fe(II) (step 4), 

allowing for the efficient redox cycling of the metal ions. 

The hydroxyl radical is highly reactive and known to react with biomolecules, such 

as proteins, at diffusion-controlled rates57, 58. Oxidation of proteins in this manner is 

thought to result in aging and loss of cellular function59.  

As a result of Fenton chemistry therefore, vulnerable hair colouring treatments lead 

to the generation of hydroxyl radicals. The hydroxyl radical has been linked with 

protein loss in hair fibres and may be a cause of hair damage60. This is discussed in 

more detail from page 21.  

 

1.4.1.4 The non-radical pathway  of hydrogen peroxide decomposition  

 

The non-radical pathway was postulated later as an alternative to the radical 

mechanism61. Highly reactive hypervalent metal intermediates, such as Fe(IV) and 

Cu(III) have been proposed to form instead of radical species, such as hydroxyl 

radicals62-64. These hypervalent intermediates show similar reactivity to that of the 

hydroxyl radical, meaning that distinguishing between the two pathways is difficult. 

However, regardless of the pathway, the formation of either intermediate during 

Fenton(-like) reactions leads to the potential oxidation of hair proteins65. A scheme 

representing the possible reaction pathways and reaction intermediates for the 

Fe(II)-catalysed Fenton reaction is summarised below66. 
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Figure 11: The formation of possible hypervalent iron complexes as intermediates of 

Fenton chemistry66. 

 

It can be seen in the above pathways that radical generation may occur from the 

non-radical complexes formed; particularly in pathway 4 there are two outcomes. 

Production of either the non-radical ferryl ion (FeIV) (4b) or the hydroxyl radical (4a) 

is possible. In fact the reaction pathway and intermediates involved have long been 

the subject of intense debate.  

The chemistry is affected by the presence of oxygen, pH and any chelating ligands 

that are present in the system63, 67, 68. At low pH, it is thought that the reduction of 

hydrogen peroxide results in the production of hydroxyl radicals69. Attempts to 

determine the reduction potential of the metal species involved in the reaction 

have been made, in order to establish whether or not the ferryl ion is involved65. 

There are many variables associated with the determination of reduction potentials, 

for instance, effective charge and pH. This makes identification of the species 

involved very difficult63, 64. 
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Studies of reaction kinetics have also been used in order to determine whether or 

not the intermediate involved is the ferryl ion or the hydroxyl radical under certain 

reaction conditions. This is again dependent upon many variables such as, hydrogen 

peroxide concentration, pH and ligands present. Due to all these variables there is 

discrepancy amongst the literature over values of rate constants. Many 

assumptions have to be made with regards to which reactions are occurring when 

the conditions are changed68. 

Efforts have also been made to discount the non-radical pathway by incorporating 

17O labelled H2O2 into a Fenton system. The idea was to try and trap the resulting 

HOω using DMPO and detecting by EPR70. However, the non-radical iron-peroxide 

complex is capable of producing similar results71. Experimentally it has been proven 

to be very difficult to distinguish between the possible intermediates. However, a 

recent DFT study proposed that the ferryl ion intermediate was most likely to be 

formed in aqueous solutions, when water was the only ligand. This finding was 

based on the activation energies of oxygen-oxygen bond breaking, for both 

hydrogen peroxide bound to iron ions and free hydrogen peroxide. It was then 

proposed that there exists a very small energy barrier for the transformation of the 

intermediate iron complexes formed, into the ferryl ion, in the presence of a non-

coordinated water molecule72. 

Several enzymes in mammals, including catalases, peroxidises and cytochrome c 

make use of ferryl ion intermediates to break down hydrogen peroxide, without 

generating highly damaging radical species73, 74. In the case of catalase, multiple 

studies have confirmed that the breakdown of hydrogen peroxide proceeds via the 

formation of a ferryl ion intermediate75, 76. The catalytic pathway of hydrogen 

peroxide decomposition by catalase is shown in Figure 12. Catalase is discussed in 

further detail in Chapter 4. 
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Figure 12: Scheme to show the catalytic pathway of hydrogen peroxide 

decomposition by catalase74. 

 

Regardless of which intermediates exist in Fenton chemistry, they are likely to be 

highly reactive. Indeed both the ferryl ion and the hydroxyl radical have the 

potential to damage proteins77.  

 

1.4.1.5 Mechanism of hair fibre damage  

 

As mentioned earlier, reactive oxygen species (ROS) from the metal ion catalysed 

decomposition of hydrogen peroxide are prone to oxidise biomolecules such as 

lipids and proteins. This is thought to be one of the mechanisms of the aging 

process. Therefore, in hair colouring processes if ROS, such as the hydroxyl radical, 

are produced, they can react with lipids and proteins in the hair. This reaction can 

occur if formulations do not contain radical scavengers or anti-oxidants. As the 

hydroxyl radical is so reactive, its reaction with proteins occurs when metal ions are 

bound to the proteins directly. Decomposition of the hydrogen peroxide by these 

ions then generates hydroxyl radical directly at the site of the proteins. 

Figure 13 shows how protein oxidation and peptide bond cleavage is possible78. In 

this example the major species responsible for protein oxidation is the hydroxyl 

radical, which forms a carbon centred radical. Oxygen can then react to form the 

peroxyl radical, followed by further oxidation by either redox metals or ROS to give 

an alkoxyl radical. This then leads to peptide bond cleavage, which ultimately 

results in the breakdown of proteins. 
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Figure 13: A possible mechanism of protein oxidation by hydroxyl radical and by 

redox metals.78 

 

Cleavage and formation of disulphide bonds is another problem associated with 

protein damage. ROS are capable of cleaving disulphide bonds, as well as oxidising 

cysteine and methionine units in proteins, leading to the formation of these bonds. 

This leads to structural modifications of the proteins78. Figure 14 shows how the 

cleavage of disulphide bonds can also occur under alkaline conditions used for hair 

bleaching79. The oxidation and hydrolysis of disulphides leads to the production of 

sulfonates, such as cysteic acid, as shown in Figure 1510, 80. These sulfonates assist in 

the binding of metals, which in turn contributes to further protein damage of the 

hair48. 
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Figure 14: One of the possible mechanisms of disulphide bond cleavage in alkaline 

media81 

 

It is worth noting that this is not the only postulated mechanism of disulphide bond 

ŎƭŜŀǾŀƎŜ ŀǘ ŀƭƪŀƭƛƴŜ ǇIΦ IȅŘǊƻƎŜƴ ŜƭƛƳƛƴŀǘƛƻƴ ŦǊƻƳ ōƻǘƘ ǘƘŜ ʰ ƻǊ ʲ ŎŀǊōƻƴ ƛǎ 

plausible, followed by the subsequent cleavage of a sulphur-sulphur or carbon-

sulphur bond81, 82. However during hair bleaching, it is thought that S-S bond fission 

is the predominant mechanism of disulphide bond cleavage10, 83. 

 

 

Figure 15: Scheme to show the possible routes of disulphide bond cleavage to form 

sulfonic acid, via cystine oxide intermediates10, 80. 

 

The oxidation of proteins within hair fibres in these ways leads to hair damage. 

Several studies have examined hair samples after various treatments to observe 

and/or quantify the extent of damage that may occur. 
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1.4.1.6 The effect of reactive oxygen species on hair fibres 

 

In the hair, protein oxidation leads to increased hair fibre damage and a feeling of 

dryness, due to cuticles lifting from the hair shaft. After several bleaching or dyeing 

cycles, holes may form in the outer layer of the cuticle and eventually the complete 

removal of some layers is observable84. The SEM images in Figure 16 show this 

clearly85. 

 

 

Figure 16: SEM images of (a) an untreated hair fibre, (b) & (c) hair fibres treated 

with 6% H2O2 at pH 10.2 (21 °C) or (d) a hair fibre treated with a bleach crème 

treatment of 9% H2O2 at pH 8.6 (21 °C)85. 

 

Although this damage appears extensive, it has been shown that this does not 

affect the tensile properties of the hair fibre, probably because the cortex is 

primarily responsible for the mechanical strength of hair10, 86. It does however, lead 
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to a decline in the appearance and feel of the hair, which is not ideal for a cosmetic 

treatment. As a result, a large amount of research has gone into attempting to 

prevent damage to hair fibres that can occur during permanent hair colouring 

procedures. 

 

1.4.1.7 Preventing hair fi bre damage 

 

Ordinarily the Fenton reaction relies on a transition metal ion to catalyse the 

decomposition of hydrogen peroxide. For decomposition to occur spontaneously, 

the metal ion needs to cycle between two oxidation states, as shown by reactions 

(1) ς (4) on page 17. In the Fenton reaction the metal ion centre would be expected 

to have a redox potential that fits between the values -0.33 ς 0.46 V87, that 

correspond to the half-equations (6) & (7) at pH 788. This allows the metal to cycle 

between oxidation states, whilst hydrogen peroxide is decomposed through 

reactions, (2) & (4) on page 17. It should be noted that this redox window is based 

on standard oxidation potentials that have been acquired at pH 7. These oxidation 

potentials may vary for Fenton reactions that occur at alkaline pH. 

 

H2O2 + e- Ą -OH + ωOH (0.46 V89) (6) 

O2  + e- Ą -ωO2  (-0.33 V90) (7) 

 

The redox potential of Cu2+/Cu+ is 0.161 V, shown in half equation (8). This makes it 

able to catalyse the decomposition reaction. Moreover, as this value is in the middle 

of the redox window it allows for fast decomposition of the peroxide. If the 

oxidation potential lies towards the edge of this window it will lead to slower 

decomposition, as the rate of either reaction (2) or (4) will decrease88. 
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Cu2+ + e- Ą Cu+  (0.161V89)  (8) 

Fe3+ + e- Ą Fe2+  (0.771V89) (9) 

 

The situation is more complex for iron ions. The oxidation potential of Fe3+/Fe2+ 

(half equation (9)) is 0.771 V, which lies outside the redox window. However, pH 

plays an important role in the Fenton reaction. It has been suggested that, at pH 10, 

Fe(II) could exist as the [Fe(OH)]+ complex, whilst Fe(III) is generally insoluble and 

exists as Fe2O3
91, 92. The redox potential associated with these species (half-equation 

(10)) lies in the redox window and could explain the catalytic behaviour of iron89. On 

the other hand, it is more likely that Fe(III) is bound to substances within the hair 

fibre, which could alter redox potentials sufficiently to allow iron ions to catalyse 

the Fenton reaction. 

 

Fe2O3 + 4H+ + 2e- Ą 2FeOH+ + H2O (0.16 V89) (10) 

 

Understanding the redox potentials behind Fenton chemistry has enabled the 

development of technology to stabilise hydrogen peroxide and hence prevent 

decomposition. One of the more effective ways to achieve this is by the use of 

chelating ligands to sequester the metals88. Ligands can alter the redox potential of 

the metal centre to a value that lies outside (or closer to the edge) of the redox 

window. Hence, they reduce the rate of either reaction (2) or (4) substantially 

enough to prevent decomposition. Additionally, ligands coordinatively saturate the 

metal centre, preventing hydrogen peroxide from binding and thus decomposing93. 

This has been applied successfully to hair colouring systems. Chelating ligands are 

now commonly used in formulations to prevent the damage of hair fibres by 

hydroxyl radicals, as a result of hydrogen peroxide decomposition50. 



Chapter 1 

27 
 

One of the more effective chelants for inhibiting hydrogen peroxide decomposition 

by copper is ethylenediaminetetraacetic acid (EDTA) (Figure 17)94. However, as 

mentioned on page 16, hair fibres contain significant levels of other metals. 

 

 

Figure 17: The structure of the chelating ligand EDTA. 

 

The presence of such a high concentration of calcium ions causes problems that are 

associated with the use of EDTA. Despite the much lower stability constant of the 

Ca(EDTA) complex, when compared with those of the Cu(EDTA) or Fe(EDTA) 

complexes (Table 2), the large excess of calcium results in the majority of EDTA 

being complexed to the calcium ion at pH 10. This leaves the redox active metal ions 

unbound, leading to Fenton(-like) chemistry and hence hair fibre damage. Chapter 7 

describes how speciation plots could be predicted based on the stability constants 

of the metal complexes. The speciation plot in Figure 18 shows the possible copper 

complexes that form in an aqueous model system containing 400 mM NH3, 13.95 

mM EDTA, 170 mM Ca2+ and 1.27 mM Cu2+. These simplified conditions represent 

the environment found on the surface of hair fibres during bleaching60. Under 

realistic bleaching conditions, the relatively low concentration of EDTA means that 

copper does not bind to the ligand, resulting in the formation of copper-ammonia 

complexes. However, in real hair systems proteins are likely to compete with 

ammonia to bind the copper. 
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Metal LogK 

Ca2+ 10.81 

Mg2+ 8.96 

Cu2+ 18.78 

Fe3+ 25.10 

Table 2: The binding constants of EDTA with the metal ions found in hair95. 

 

 

Figure 18: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM NH3, 13.95 mM EDTA, 170 mM Ca2+ and 1.27 mM Cu2+60. 

 

Chelating the calcium ions is not desired as it does not catalyse the Fenton reaction. 

Chelation of this ion essentially uses up the chelating agent, so that iron ions and 

copper ions remain unbound. Thus, the transition metal ions are free to catalyse the 

decomposition of hydrogen peroxide, generating hydroxyl radicals. 

This observation led to the use of the ligand ethylenediamine-bΣbΩ-disuccinic acid 

(EDDS), which has a much higher specificity for the copper ion over the calcium ion 
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(Table 3). It has been suggested that this selectivity is determined by the size of the 

central metal ions. Ca2+ has an ionic radius of 0.099 nm, which is much larger than 

the radius of Cu2+ (0.073 nm)96. EDTA can accommodate both Ca2+ and Cu2+ easily, 

leading to stable complexes. However, whilst copper ions are small enough to form 

a stable complex with EDDS, it is thought that the Ca2+ ion is too large. The 

distortion of the complex that must occur for EDDS to bind calcium ions, leads to a 

relatively unstable complex97. Therefore, EDDS binds copper ions much more 

effectively in the presence of other metals, as shown by the speciation plot for a 

system containing 400 mM NH3, 13.95 mM EDDS, 170 mM Ca2+ and 1.27 mM Cu2+ 

(Figure 20). This leads to a system that produces fewer hydroxyl radicals, thereby 

being likely to reduce hair fibre damage in colouring systems50. 

 

 

Figure 19: The structure of the chelating ligand EDDS. 

 

Metal LogK 

Ca2+ 4.58 

Mg2+ 6.01 

Cu2+ 18.40 

Fe3+ 22.00 

Table 3: The binding constants of EDDS with the metal ions found in hair95. 
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Figure 20: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM NH3, 13.95 mM EDDS, 170 mM Ca2+ and 1.27 mM Cu2+60. 

 

1.4.1.8 Quantifying hydroxyl radical production  

 

As the amount of hydroxyl radicals produced in hair colouring systems has been 

linked with hair fibre damage, it is useful to be able to quantify hydroxyl radical 

production in these systems. One of the more used methods of hydroxyl radical 

quantification involves the reaction of the hydroxyl radical with a spin trap and 

subsequent detection using electron paramagnetic resonance (EPR). 

The hydroxyl radical is an extremely reactive and short-lived species, thus it is 

difficult to detect. Spin traps are molecules that may react with reactive radical 

species to form more stable radicals that exist for long enough periods of time to be 

detected by EPR. Dimethyl-1-pyrroline-N-oxide (DMPO) is an example of a spin trap 

that can react with the hydroxyl radical to form the DMPO-OH adduct, the spectrum 

of which is shown in Figure 22. 
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Figure 21: The generation of DMPO-OH adduct from the reaction of hydroxyl radical 

with DMPO98. 

 

 

Figure 22: The typical EPR spectrum for the DMPO-OH adduct99 

 

In the presence of redox metal ions it has been shown that the formation of the 

DMPO-OH adduct is possible in aqueous media in the absence of hydroxyl radicals. 

This occurs by the formation of the DMPO-Fe3+ complex, which allows electron 

transfer from DMPO to the metal ion. Nucleophilic attack of water may then occur 

resulting in the hydroxylated probe and Fe2+, as shown by the mechanism in Figure 

2398. This could potentially lead to a misrepresentation of hydroxyl radicals amounts 

that are produced in systems.  

Alternatively, using EPR to measure the decay of the nitroxide radicals, such as 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) may lead to an overestimation of the 

hydroxyl radicals. This is because redox metal ions easily reduce the radical to 

hydroxylamine in the absence of the hydroxyl radical100.  
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Figure 23: Mechanism to show the hydroxylation of DMPO by water in the presence 

of Fe(III)98 

 

To avoid the problems associated with spin traps, the use of colorimetric probes is 

another technique that can be used to measure hydroxyl radical concentrations in 

Fenton systems. Hydroxyl radicals can react with aromatic substrates to produce 

hydroxylated adducts, which can then be monitored by UV-vis spectroscopy or HPLC 

to give an estimate of the amount of hydroxyl radical flux in certain systems. Probes 

that are commonly used include nitrobenzene, benzoic acid, terephthalic acid and 

salicylic acid101-103. It is documented that the hydroxylation of these probes may 

occur at multiple locations around the aromatic ring, as the hydroxyl radical is 

highly reactive and non-selective102. The multiple products of hydroxylation can 

lead to problems associated with quantifying the amount of hydroxyl radical that is 

produced101. 

Additionally, salicylic acid is known to bind to metal ions, which will affect the 

extent of hydrogen peroxide decomposition that occurs in certain systems. Thus, 

the amount of hydroxyl radical may be altered by the presence of this probe104. 

 

 

Figure 24: The colorimetric probe NPDPA. 
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The problem of metal ion chelation NPDPA may be overcome by the use of the 

colorimetric probe рΣрΩ-[(5-nitro-1,3-phenylene)diimino]bis(5-oxopentanoic acid) 

(NPDPA) (Figure 24). NPDPA is more suitable for use in monitoring hydroxyl radical 

production in Fenton(-like) systems, as it will not bind metals strongly. 

Hydroxylation of the probe at the ortho position and the para position is possible 

and the ratio of products has been documented104. The nitrophenol adducts that 

are formed absorb strongly in the visible region, under basic conditions, allowing for 

a quantitative estimation of hydroxyl radicals by UV-vis spectroscopy. As a result, 

NPDPA has been used throughout this project to measure hydroxyl radical 

formation in various systems. The mechanism of NPDPA hydroxylation is discussed 

in more detail in chapter 2. 

 

1.4.2 Hair Dyeing  

 

The process of hair dyeing initially makes use of the principles behind hair 

bleaching, to degrade the melanin in hair that is responsible for the natural colour 

of the fibres. This requires the use of hydrogen peroxide, which may also play a role 

in the production of dye molecules. 

Generally, these permanent dye molecules are produced by the oxidation of smaller 

dye precursors, which first diffuse into the cortex of the hair fibre, along with 

hydrogen peroxide. Once inside the hair cortex they may then be oxidised by the 

hydrogen peroxide to form larger dye molecules that are trapped permanently 

within the hair fibres.  

Hair dye precursors that are used are para-substituted aromatic amines or phenols 

that are susceptible to oxidation. Typically the size of these precursors is 

approximately 0.5 nm105, allowing them to diffuse into the hair fibres through 

άǇƻǊŜǎέΣ ǘƘƻǳƎƘǘ ǘƻ ƘŀǾŜ ŀ ǎƛȊŜ ƻŦ ǳǇ ǘƻ оΦр ƴƳ106. Phenylenediamine (PPD) is a 

common precursor that is used in dye formulations. In the presence of alkaline 

hydrogen peroxide it is oxidised to the reactive quinone diimine intermediate (QDI), 
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as shown in Figure 25. It has been observed that PPD can cause contact 

dermatitis107. When ingested in sufficient quantities PPD can also cause renal 

failure108. For these reasons, alternatives to PPD may be used in hair colouring 

formulations, such as 2,5-diaminotoluene sulfate (DTS) or 1,4-diamino-2-

methoxymethyl-benzene (MBB)109.  

 

 

Figure 25: Scheme to show the formation of permanent dye molecules by the 

oxidation of PPD.  

 

QDI can then react with couplers, which are typically meta-substituted aromatic 

amines or phenols, such as meta-aminophenol (MAP). This reaction forms 

colourless leuco dye intermediates, which can then be further oxidised to form 

indophenol and indamine-based dye molecules that are responsible for the final 

colour of the formulation3. The mechanism of dye formation is discussed in more 

detail in chapter 4. 
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1.5 The role of water in hair colouring  

 

The major component of hair colouring formulations is water. It is primarily used as 

a biologically suitable solvent, which contains all of the ingredients that make up 

hair bleaching and hair colouring formulations. Therefore, water allows hair 

formulations to be applied easily to the hair. However, in addition to acting as a 

solvent, water plays several roles during the process of hair colouring. 

 

1.5.1 The role of water in hair bleaching  

 

As discussed in section 1.4.1, the process of hair bleaching relies on the hydrogen 

peroxide-mediated oxidation of melanin. Melanin is found in the cortex of hair 

fibres. Therefore, diffusion of the hydrogen peroxide from the formulation into the 

hair fibres is necessary, for bleaching to occur. Water facilitates this process in 

multiple ways. Firstly, it provides a transport medium for the hydrogen peroxide, as 

keratin, which is present throughout the hair fibre cortex, is hydrophilic and can 

absorb large amounts of water110. Thus, aqueous formulations are absorbed into 

the hair cortex. However, the hair surface is hydrophobic and this provides a 

substantial barrier for aqueous-based formulations to initially overcome10. The use 

of surfactants in formulations is designed to tune the hydrophilicity and surface 

tension of the hair fibres so that formulations can be applied effectively111. 

Additionally, these surfactants assist in the solubilisation of components within the 

formulation that have limited solubility in water.  

Secondly, as mentioned in section 1.4.1, water facilitates the diffusion of molecules, 

such as hydrogen peroxide, into the hair cortex, by swelling the hair fibres10, 110. This 

swelling probably arises as a consequence of the cleavage of hydrogen bonds 

between the protein chains that make up the hair fibre10. Hair fibre swelling is 

greatly increased by alkaline pH. Therefore, water is again critical for allowing the 

dissociation of bases that are used to generate this high pH. For example, the 
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equation below represents the formation of ammonium hydroxide in water, 

resulting in an alkaline solution.  

 

Penetration of molecules, such as hydrogen peroxide, into hair fibres is accelerated 

as a consequence of increased hair fibre swelling. It is not sufficient that hydrogen 

peroxide reaches the cortex for hair bleaching to occur. It is also essential that 

dissociation of the hydrogen peroxide occurs, to form the perhydroxyl anion41, as 

shown by the equation below. Again, this dissociation requires an aqueous medium.  

 

Due to the factors discussed above, aqueous formulations are necessary for hair 

colouring procedures. However, there are also problems associated with the use of 

water. Firstly, hair swelling is known to make the hair fibres more susceptible to 

damage, as the cuticle is lifted and more susceptible to fragmentation10. This leads 

to a dry and damaged feel to the hair. It is also recommended that hair colouring 

treatments should not be applied to wet hair. If colouring formulations are applied 

to wet hair, it is difficult to control where the colour forms on the hair. This is due to 

the fact that the ingredients in formulations are free to diffuse throughout the 

water on the surface of the hair. Therefore, it is important for formulations to 

contain the appropriate amount of water and to use hair colouring formulations 

under the correct conditions. 

 

1.5.2 The role of water in hair dyeing  

 

Water often plays the same roles in hair dyeing as hair bleaching, as the first step of 

dyeing hair can involve melanin bleaching (when a lighter hair shade then the 

natural colour is desired). Additionally, water also contributes to the oxidation of 
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dyes that are used to colour hair. Corbett has shown that by bubbling oxygen 

through aqueous alkaline solutions, mixtures of PPD and MAP can react to form 

indoaniline dyes, which are used to colour hair112. This is important to bear in mind, 

as oxygen is dissolved in water. Thus, as it diffuses into the cortex water transports 

oxygen into the hair fibres. Oxygen saturation levels of water vary depending on 

many factors, including temperature and the salinity of the water. In the case of 

hair colouring procedures that use hydrogen peroxide, the decomposition of 

hydrogen peroxide in the hair cortex releases oxygen, which can further increase 

the oxygen saturation levels of water113. Direct oxidation of dye precursors by 

oxygen is not the only way that oxygen contributes to dye formation. During the 

Fenton reaction, oxygen is required for the redox cycling of metal ions, which 

catalyses the decomposition of hydrogen peroxide (half-equation 7 ς page 25). This 

leads to the production of ROS, which are also able to oxidise dye precursors or 

melanin during hair colouring, as well as causing protein oxidation and hair damage. 

Therefore, the fact that oxygen can be transported into the cortex by water 

potentially leads to both positive and negative aspects of hair colouring procedures. 

Another transient species that can become involved in redox chemistry in aqueous 

media is the hydrated electron (e-
(aq)). When metal ions lose electrons in water they 

release electrons that can be solvated by water molecules. Solvated electrons are 

powerful reducing agents in solutions > pH 7.85 (oxidation potential of e-
(aq) is -2.77 

V114). Therefore, they could play a role in the reduction of Fe(III) to Fe(II), which 

would increase the rate of hydrogen peroxide decomposition, during hair colouring 

procedures. The rate of decomposition not only affects the extent of hair damage 

that can arise, but also how much dye is degraded by hydroxyl radicals. There is 

little literature available that discusses the role of solvated electrons in Fenton 

reactions. However, the transfer of an aqueous electron to a metal ion centre is an 

outer-sphere process115. There is evidence that has shown that inner-sphere 

electron transfer during Fenton reactions is more favoured56, 116. Therefore, it is 

currently unclear what role the hydrated electron plays during Fenton chemistry. 

Thus, its role in hair dyeing and melanin bleaching is also unknown. 
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Inner-sphere electron transfer during Fenton chemistry involves the direct bonding 

of hydrogen peroxide to the metal ion centre. This is achievable when the metal ion 

is bound to labile ligands, such as water. Water can diffuse easily into the hair 

fibres, making this a possibility. Most hair colouring formulations use less labile 

chelating ligands, such as EDTA, to prevent hydrogen peroxide from binding to the 

metal ion and decomposing. However, it is unclear whether these ligands can 

diffuse into the hair fibre, due to their large size and the negative charge that they 

carry. This could result in the types of complexes shown in Figure 28 forming in the 

hair cortex, which would lead to more extensive decomposition than if the less 

labile EDTA ligand was bound. Thus, more hair damage could result. 

It can be seen that water plays several important roles (both positive and 

potentially negative) during the process of hair colouring. Throughout this thesis 

aqueous solutions are used as a model for the study of the reactions that occur 

during the course of hair bleaching and hair dyeing. Due to the importance of water 

in hair colouring processes the use of aqueous model solutions was considered to 

be appropriate. The biggest limitation of their use as models is that diffusion rates 

of substances into hair fibres are not accounted for. Although, for many of the 

studies, this was considered to be an advantage (discussed in the relevant sections). 

It was also recognised that the concept of localised pH could not be replicated by 

the use of aqueous formulations. During hair bleaching, aqueous formulations 

diffuse into the hair at varying rates, due to the inconsistent structure of hair fibres. 

For example, the cuticle of hair that has been pre-treated with colouring 

formulations tends to be more damaged than untreated hair. Often, holes appear in 

the cuticle as a result of this damage (Figure 16 (b)). This can lead to faster diffusion 

rates of hydrogen peroxide into the hair fibre, where these holes exist. The diffusion 

rates of formulations into the hair are important to consider. The less time 

formulations spend on the surface of the hair, the less time there is for volatile 

bases to evaporate, due to heat from the scalp. This would lead to localised areas 

with different pH values within the hair cortex. Despite these limitations, aqueous 

model solutions were considered to be suitable for many of the reactions studied 

throughout this work. 
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1.6 The application of hair colouring products to hair  

 

People who desire to change the natural colour of their hair tend to have two 

options. They can choose to get it coloured by a stylist in a salon, or they can buy 

colouring kits to use at home themselves. Nowadays, permanent hair colouring 

formulations for use at home are readily available for consumers. They are a 

cheaper alternative to salons. Thus, they are a popular choice for many people. 

 

1.6.1 Hair colouring at home  

 

Typically, home hair colouring kits are comprised of 3 separate components117: 

1. Colour ς The colouring agent is an aqueous solution, containing a variety of 

dye precursors that will form the indamine or indophenol dyes, such as PPD 

and MAP. They also contain ligands, such as EDTA, and radical scavengers, 

such as sulphites, to prevent hair damage. Finally, as an alkaline pH is 

required for this chemistry, they contain a base, for example ammonia (up 

to 0.5 M)47. 

 

2. Activator ς The activator contains aqueous hydrogen peroxide (~ 1 M)47, to 

lighten the natural shade of the hair by oxidising melanin. The hydrogen 

peroxide also oxidises the dye precursors, to form the dyes responsible for 

the final colour. 

 

3. Conditioner ς The conditioner is an aqueous-based mixture of 

predominantly alcohols and oils, designed to keep the hair hydrated after 

the colouring process. 

 

Instructions for the application of these home colouring kits dictate that the 

colouring agent and activator be mixed thoroughly, until the colour has completely 
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blended and the mixture has thickened. This should then be applied to dry hair, 

which has not been shampooed (conditioner should be applied to the ends of the 

hair if they are too dry). This mixture should then be applied to hair for 

approximately 25 minutes. This time is dependent on the type of colour that is 

desired. However, the mixture should not be left on for more than 45 minutes, to 

prevent extensive fibre damage. Previous users of colouring formulations are 

advised to pay particular attention to their roots in this step. After the appropriate 

amount of time the mixture should be rinsed off with warm water. The conditioner 

should then be applied for 2 minutes to hydrate the hair118. 

 

1.6.2 Hair colouring in salons  

 

A similar process is use in salons to colour hair, whereby the colouring agent is 

mixed with activator and applied to the hair. However, there are some subtle 

differences used by professional stylists, depending on the type of hair that is being 

coloured. These differences result in a change to the conditions used to colour the 

hair, for example, depending on several factors such as, ethnicity, initial shade or 

age, varying concentrations of hydrogen peroxide will be used. Generally, higher 

concentrations of hydrogen peroxide are used if the initial shade of the hair is 

darker and the desired shade is relatively light. However, the most important 

difference is the temperature at which the hair is coloured. Stylists often use heat 

lamps to increase the rate of colour development during the application of the 

activated colouring mixture. Typically, heat is applied to virgin hair or darker shades 

of hair, where it is more difficult to lighten the natural shade of the fibres. This 

results in a wide range of conditions that are used in hair colouring procedures, 

which need to be tailored to the individual. 

 

Throughout this thesis, reactions are studied at a temperature of 20 °C (unless 

otherwise stated). Therefore, the data were acquired under conditions that are 
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most comparable to those that exist during colouring at home, where the 

temperature that is generated during the reaction is sufficient to drive the colouring 

process. As mentioned in the previous section, a higher temperature is often used 

during salon procedures, to facilitate colour formation. This higher temperature 

may lead to changes to the chemistry that is discussed. The concentrations of 

hydrogen peroxide used in commercial formulations are also likely to vary from the 

concentrations used in this thesis, depending on the type of hair and the colouring 

procedure that is desired. Typically, in salons this concentration varies between 

approximately 0.9 M and 2.5 M. The concentration of hydrogen peroxide used in 

the presented work is predominantly at the lower end of this range, focussing on 

less harsh bleaching conditions. 

 

1.7 The use of MEA in hair colouring formulations  

 

Ammonia is typically used for hair colouring systems in order to provide an alkaline 

pH and to facilitate the diffusion of oxidants and dye precursors into hair fibres, 

(page 14). However, the use of ammonia results in formulations with bad odours. 

Consequently, alternative bases have been investigated for their potential use in 

hair colouring formulations.  

Monoethanolamine (MEA) (Figure 26) is one of the more promising bases that can 

be used in hair colouring formulations as an alternative to ammonia. In fact, it is 

used in several products that are currently on the market, due to the similar 

properties of the molecule to ammonia. Both ammonia and ethanolamine are water 

soluble bases that have similar pKa values, (9.21) and (9.50), respectively. Therefore, 

similar concentrations can be used in order to achieve the same final pH of 

formulations119. Both compounds also have the ability to interfere with hydrogen 

bonding throughout the hair fibre110. Thus they can assist with the diffusion of dye 

precursors and oxidants into the fibre. There are however some differences 

between the two bases that may lead to a change in the behaviour of colouring 

formulations. As a result, there are several problems associated with the use of 
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MEA in colouring formulations. Firstly, MEA may cause contact dermatitis, which 

can affect the scalp of users120. In addition to this, less extensive bleaching of hair 

fibres is associated with the use of MEA-based compositions and finally increased 

fibre damage and hair loss has been observed43, 121, 122. 

 

 

Figure 26: Structures of the bases ethanolamine and ammonia 

 

1.7.1 The possible causes for the differences observed in bleaching  

systems containing MEA  

 

When MEA is used in hair colouring formulations, instead of ammonia, two major 

differences arise. The first is that a higher concentration of MEA is required to 

achieve the same level of hair bleaching that is observed when ammonia 

formulations are used43. The second is that up to 85% more hair damage (protein 

loss and cuticle damage) is observed when formulations containing MEA are used. 

This has been studied using SEM, protein loss studies and by monitoring cysteic acid 

formation, using Fourier transform infrared spectroscopy (FTIR)43.  

Currently, the reasons for the differences observed in hair colouring formulations 

containing MEA are unknown. Any of the following physical or chemical factors may 

play a role in the increased level of fibre damage, or decreased extent of melanin 

bleaching that is observed in these systems. 
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1.7.1.1 Hair fibre damage  

 

MEA is a much less volatile molecule than ammonia. The vapour pressure of a 

34.5% solution of ammonia is roughly 111 kPa ŀǘ нлɕ/123, whilst the value for MEA is 

much lower at 0.03 kPa ŀǘ нмɕ/124. This means that MEA is much more likely to 

remain on the hair fibre for a longer period of time than ammonia. Thus, when 

MEA-containing formulations are used, hair proteins may be exposed to the base 

for a longer period of time and more hair fibre damage may occur43. 

The increased fibre damage that was observed in the MEA-containing formulations 

(page 42) could also occur as a result of the formation of MEA radicals. It has been 

shown that two major radical species form as a result of the reaction between MEA 

and the hydroxyl radical. The majority of radical formation is thought to occur at the 

amino site, whilst carbon-ŎŜƴǘǊŜŘ ǊŀŘƛŎŀƭǎ ŀǊŜ ŀƭǎƻ ǇƻǎǎƛōƭŜ ŀǘ ǘƘŜ ʰ-carbon to the 

alcohol (Figure 27)125. 

  

 

Figure 27: The formation of radicals by the reaction of MEA with hydroxyl radical125 

 

The fact that MEA forms such radicals, as well as remaining on hair fibres for a 

longer period of time, would be expected to contribute to the increased level of hair 

fibre damage that is observed in these systems. 

The presence of metals on hair fibres also leads to the formation of various metal-

ligand complexes, in the presence of bases. Copper ions in particular have been 

shown to bind the bidentate MEA ligand and the monodentate ammonia ligand126. 

The metal centres of copper(II) complexes have electron configurations of d9. The 

lowest energy conformation of these complexes is a distorted octahedral geometry, 

as they are affected by Jahn-Teller distortion. This is due to the presence of an 
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unpaired electron in the eg orbitals. As a result, the complex distorts to give a 

tetragonal geometry in order to encourage the removal of degeneracy. Thus, the 

ligands in the axial positions are bound further from the metal centre than those in 

the equatorial positions and, hence, they are more weakly bound127-129. When this is 

taken into account along with the different binding shown by MEA and ammonia 

ligands, this influences the stability constants of the metal complexes that are 

formed (Table 4). The structures of some of the Cu(II) complexes that form in the 

presence of ammonia and MEA are shown in Figure 28126. The presence of these 

different complexes could affect the rate or extent of hydrogen peroxide 

decomposition in Fenton-like systems. Thus, a difference in the extents of protein 

oxidation may be observed, as a result of the varying hydroxyl radical flux of the 

colouring formulations. 

 

Figure 28: Some examples of the possible complexes that can form as a result of the 

use of MEA and ammonia in hair colouring systems 

 

It should be noted at this point that most hair colouring formulations use chelating 

ligands, such as EDTA, which has a higher binding affinity for metal ions than the 

bases themselves (Table 4). However, it is debated whether or not chelating ligands, 

can diffuse into the hair fibre, due to their size and the large amount of negative 

charge that they carry. Inside the hair fibres, therefore, the base could become a 

factor that influences the types of metal complexes that form. 
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Metal-ligand complex Stability Constants (LogK) 

[Cu(MEA)]2+ 4.60 

[Cu(MEA)2]
2+ 8.25 

[Cu(MEA)3]
2+ 10.80 

[Cu(NH3)4]
2+ 12.50 

[Cu(EDDS)]2- 18.40 

[Cu(EDTA)]2- 18.78 

Table 4: The measured stability constants of ammonia and MEA copper complexes 

compared with EDTA and EDDS copper complexes95, 130. 

 

1.7.1.2 Bleaching potential  

 

The lower bleaching potential of MEA formulations could be attributed to the 

differences in the structure of the bases (Figure 26). Although both of these 

molecules have the ability to swell hair fibres by disrupting hydrogen bonding and 

cleaving disulphide bonds between proteins, the extent to which this occurs could 

vary, once formulations containing either ethanolamine or ammonia have been 

applied. This in turn would affect the rate of diffusion of oxidants into the hair fibres 

and the extent of melanin bleaching could vary as a result. 

The surface tension of hair fibres is another factor that can influence the diffusion 

of oxidants into the cortex of hair fibres. On changing the base in formulations, the 

surface tension of the formulations can change131, 132. This difference is more 

noticeable at higher temperatures, which exist during some salon treatments. The 

surface tension of the hair fibre is affected, as a result of the variation of 

formulation surface tension. Thus, the permeability of the hair fibre is in turn 

affected and the rate of diffusion of molecules into hair fibres will change133. 

Throughout this thesis the difference in surface tension of model formulations was 

minimised by studying compositions of relatively low base concentration, at 

temperatures of 20 °C. 
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As mentioned above, MEA can form complexes with metal ions, such as copper 

ions126, 134. This could lead to a change in the redox potential of metal centres. Thus, 

affecting the kinetics of hydrogen peroxide decomposition, resulting in differences 

to the extent of bleaching that is observed. It is generally accepted that an 

increased concentration of MEA is required to achieve the same level of bleaching 

as that obtained in ammonia-based formulations43, 135. 

 

1.7.2 The possible causes for  the differences  observed in dyeing systems 

containing MEA 

 

As well as the differences that are apparent in the bleaching systems, producers of 

hair dye formulations visually observe changes to the final colours that are obtained 

from dyeing systems, when ammonia is replaced with MEA. The possible causes of 

colour changes can again be categorised as either chemical or physical factors (or 

both). 

  

1.7.2.1 Chemical factors 

 

The differences that manufacturers observe in dye formulations could be due to the 

change in base affecting the pH. As mentioned on page 41, the two bases NH3 and 

MEA have different pKa values. As manufacturers do not buffer their formulations, 

this could lead to changes in the pH. Some components of commercial formulations 

could act as buffers to minimise the differences in pH between MEA-based 

formulations and ammonia-based formulations. However, if the pH of solutions 

does change this could have a number of effects on dye formation. 

The pH directly affects the rate of oxidation of hair dye primaries in a number of 

ways. Firstly, it is a key factor in hydrogen peroxide decomposition. Thus, the 

concentration of oxidants that are available for reaction with the precursor varies 

with changing pH56, 136. Furthermore, changing the base alters the ratio of the metal 
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complexes in solution. Figure 29 shows the speciation plot for an aqueous solution 

containing 400 mM MEA, 1.3 mM EDDS, 0.18 mM Cu(II) and 70 mM H2O2. These 

conditions were chosen to mimic the concentrations of active species found inside 

hair fibres. The speciation plots of the equivalent NH3 solutions are identical. 

However, if the change in base results in a change in pH, the ratio of CuEDDS2- and 

Cu(OH)EDDS3- complexes will vary between the systems. These different metal 

complexes will catalyse dye formation at different rates, due to a change in the 

redox potential of the metal ion centre. Therefore, a variation in the ratio of these 

complexes would result in a change in the rate of dye production. Faster rates of 

dye production would lead to a greater amount of the dyes forming, for similar 

treatment times. Thus, a darker or bolder shade would be achieved using such a 

formulation. 

Secondly, for systems that involve precursors such as PPD, an increase in pH results 

in an inhibition of the rate of dye formation3. Corbett proposes the main reason for 

this is because a high pH affects the concentration of the reactive quinone diimine 

intermediate (pKa = 5.753) that is present in its protonated form. Corbett also 

suggests that the pH affects the proportion of coupler that can react in its 

deprotonated form. However, these may not be the reasons for the change in 

kinetics, as the initial oxidation of PPD is thought to be the rate-determining step. It 

seems more likely that pH affects the types and quantities of oxidants, such as 

hydroxyl radical, that are formed during the Fenton reaction, or simply the amount 

of perhydroxyl anion that is available to oxidise PPD to QDI. Regardless of the 

reasoning it has been shown that a change in pH does affect the rate of dye 

formation and this could be an important factor in the quantities of dyes that are 

produced when different bases are used in formulations. 
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Figure 29: The speciation plot for a solution containing 400 mM MEA, 1.3 mM EDDS, 

0.18 mM Cu(II) and 70 mM H2O2.  

 

Finally, the pH also affects the overall charge on the final dye molecules, due to the 

presence of oxygen atoms and nitrogen atoms in the molecules. This too affects the 

final colour of the system113.  

As a result of these factors, the pH has an effect on the rate of dye formation and 

hence the final colour of dye formulations137. In addition to this, the base may also 

affect the structure of dye molecules that are produced. For example, MEA is more 

nucleophilic than NH3. Therefore, it may be able to react with dye molecules43. 

  

1.7.2.2 Physical factors 

 

In addition to the chemical factors described above, there are several physical 

factors that may affect hair colouring when MEA is used. Firstly, changing the base 

could affect the extent of hair fibre swelling. As discussed on page 14, hair fibre 

swelling is affected by the cleavage of hydrogen bonds and disulphide bridges 

between hair proteins. This process could be affected by a change in base, which 
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will initially disrupt the hydrogen bonding and disulphide bridges between proteins 

to differing extents. As a result, the rate of diffusion of oxidants, such as the 

perhydroxyl anion, into hair fibres would be affected by the variation in hair fibre 

swelling. This in turn leads to a variation in the rate or extent of melanin bleaching 

that occurs when the base is changed, as mentioned in chapter 2. If less melanin 

bleaching occurs, then more of the natural pigmentation of the hair will be evident 

in the final shade, after the formulation has been applied. Less melanin degradation 

further decreases hair fibre swelling, due to fewer voids forming within the fibres 

(page 15), leading to an even greater effect on the diffusion rates of oxidants. The 

rate of dye precursor diffusion into the hair fibre will also change as a result of the 

variation in hair fibre swelling. This is likely to affect the final shade of products, due 

to differing concentrations of dye forming inside the hair. 

Other physical factors that affect the final shade achieved by colouring formulations 

include temperature, the amount of water present and how hair fibres are pre-

treated. However, during this study model aqueous formulations were used, at a 

constant temperature (20 °C) to account for these factors. The concentrations of 

active species were also controlled carefully. These conditions were used to ensure 

that any differences that were observed between the model formulations could be 

attributed to the change in base.  

 

1.8 Project Aims  

 

The use of MEA in hair colouring formulations results in changes to both the colour 

that is obtained from using the formulations and the damage that can occur to hair 

fibres, as mentioned above. These differences could be due to physical effects, such 

as the volatility of the base or the effect it has on facilitating diffusion of reactants 

into hair fibres. Alternatively, these differences could be observed because of 

chemical effects, such as the formation of different radical species or metal-ligand 

complexes, once formulations have been applied to the hair. The primary aim of 

this project is to use aqueous model solutions of hair dye formulations in order to 
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observe the changes in model hair colouring compositions that occur as a result of 

chemical differences, when the base is changed. By using aqueous solutions, factors 

such as volatility and varying diffusion rates of active species into hair fibres, will not 

contribute to any changes that may be observed. As water is the one of the main 

components of hair colouring formulations, aqueous model solutions can be 

considered to be a viable model. Any intermolecular forces that play a role in the 

science behind formulations, such as hydrogen bonding, will play the same role in 

the model compositions. Importantly, the physical properties of MEA-H2O based 

compositions and NH3-H2O based compositions are also comparable at 20 °C, for 

the concentrations of base used in these studies (20 mM ς 400 mM). Surface 

tension and solubility are both equivalent under these conditions (discussed on 

page 186). Freezing point measurements for both MEA solutions and NH3 solutions 

are also equivalent at a concentration of 400 mM (~-1 °C)138, 139. Finally, the 

refractive index measurements of MEA-water mixtures and ammonia-water 

mixtures at 400 mM are comparable at 20 °C (1.3371 nD and 1.3333 nD 

respectively140, 141). Taking all of these physical factors into account, it was 

considered to be appropriate to use aqueous model solutions for the study of 

reactions that occur during hair colouring, in the presence of MEA or ammonia. 

Before the effect of MEA on hair bleaching is investigated, the mechanism of 

melanin bleaching will be studied. As discussed in chapter 2, it is unclear which 

oxidants are responsible for melanin oxidation. The work in this chapter will 

therefore look to identify oxidants of melanin, providing insights into the roles of 

these oxidants, during the bleaching of the more water-soluble Sepia MFA, in model 

compositions.  

Chapter 3 concerns the differences in chemistry when MEA is used in bleaching 

formulations. Of particular interest is the amount of hydroxyl radical flux in model 

aqueous bleaching formulations that contain MEA. This provides an indication of 

the level of protein damage or melanin bleaching that can occur in these systems, 

when compared with those that contain ammonia.  
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After discussing the bleaching systems, the mechanism of hair dye precursor 

oxidation is discussed in chapter 4. It is unclear from the literature which species are 

responsible for hair dye formation within hair fibres. Therefore, the potential 

oxidants of dye precursors will be investigated in both aqueous model systems and 

in systems that contain hair. 

Generating hair dye formulations that produce consistent colours can be difficult. 

Many factors are responsible for slight changes in the final shades of products. This 

point is discussed in more detail in chapter 5. As a result, changing the base from 

ammonia to MEA leads to changes to the final colour of dye formulations. Again, in 

chapter 5, consideration is given to an investigation of aqueous model dye 

formulations that contain MEA. The chemical reasons for any differences that may 

be observed are discussed. 
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Chapter 2 ɀ Mechanistic studies of soluble melanin bleaching  

 

2.1 Introduction  

 

Bleaching of melanin is an important step in the hair colouring process when 

consumers desire a colour that is lighter than the natural shade of their hair. 

Despite it being well known that the process requires hydrogen peroxide at an 

alkaline pH, there are some areas of the procedure that remain mechanistically 

unclear. The largest complication is due to the presence of endogenous metal ions 

in hair fibres, which leads to the decomposition of hydrogen peroxide, via a 

Fenton(-like) reaction. The resulting mixture of reactive oxygen species (ROS) (See 

chapter 1) can lead to the bleaching of melanin inside the hair fibre, which lightens 

the natural shade of the hair. However, the extent to which each individual species 

contributes to bleaching is not known46, 47, 50, 52. The work in this chapter looks at 

the mechanistic aspects of melanin bleaching.  

 

2.1.1 Human hair melanin and Sepia melanin  

 

As discussed in chapter 1, melanin in the hair fibre is present in two forms. 

Eumelanin is responsible for the brown-black pigmentation of hair and 

pheomelanin for the yellow-red pigmentation14, 142. The overall colour of human 

hair that is observed is predominantly determined by the ratio of these two types of 

melanin. This ratio is determined by many factors including geography, genetics and 

ethnicity143, 144. The chemistry of melanin bleaching will change depending on the 

types of melanin that are present in the hair fibre. This variation in the types of 

melanin could affect the consistency of bleaching studies if the melanin was 

extracted from human hair. Additionally, melanin is difficult to extract from hair 

fibres. Different methods have been used to isolate melanin from hair fibres, 

resulting in the coextraction of varying levels of proteins and metal ions from the 
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hair145, 146. To avoid the difficulties associated with melanin isolation from hair 

fibres, studies in the literature have used Sepia melanin (from the ink sacs of Sepia 

Officinalis) as a model for black human hair 20. It is possible to precipitate large 

quantities of Sepia melanin from cuttlefish ink in one batch, minimising any 

inconsistencies in protein and metal ion content, which may arise during the 

preparation of melanin over multiple extractions. 

The comparison between Sepia melanin and black human hair melanin can be 

made, as both pigments are predominantly eumelanic in character, and both 

thought to consist mainly of DHICA units23. The main difference between melanin 

extracted from cuttlefish ink and black human hair is the size of the melanosomes, 

Sepia melanosomes being much larger. This size difference has been shown to 

affect the rate of melanin bleaching of heterogeneous melanin20. The work in this 

thesis was based on comparing the rate of a more soluble form of the melanin, 

minimising the effect that the size of aggregates would have on the rate of melanin 

bleaching. The added solubility of melanin in this study results in another limitation 

of the relatability of this model study to commercial bleaching formulations. During 

hair bleaching treatments it is necessary for oxidants to diffuse into the hair cortex. 

However, diffusion of oxidants through the hair cuticle to bleach melanin was not 

necessary in these soluble model compositions. Therefore, this would lead to an 

apparent increase in rate of bleaching, when compared with that in heterogeneous 

commercial bleaching formulations. Despite this limitation, the bleaching in model 

soluble Sepia melanin formulations could be studied to provide insights into the 

role that oxidants play during the oxidation of melanin for individuals that have 

black hair. 

 

2.1.2 Melanin free acid (MFA)  

 

As mentioned in the previous section, to study the bleaching of melanin it was 

decided to use the more water-soluble form of Sepia melanin, Sepia melanin free 

acid (MFA). Using aqueous model bleaching formulations, containing MFA, it was 
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possible to monitor its bleaching by UV-vis spectroscopy. Studies by NMR have 

shown that the monomeric units of MFA are different to those of Sepia melanin142 

(Figure 8). There are more quaternary aromatic carbons. Additionally, there is 

rearrangement involving the C-N bond of the indolic moiety. As such the authors 

propose that whilst Sepia MFA is similar to Sepia melanin, it contains more of the 

monomeric units shown in Figure 30147. 

 

 

Figure 30: Two of the possible monomeric units (A) & (B) that are more abundant in 

Sepia MFA 

 

As discussed in chapter 1, a large amount of data has been acquired on the 

structure of melanins. However, the monomeric units of melanin free acid have not 

been identified. Additionally, it is unclear how these monomers are linked together. 

This in turn makes determining a mechanism for the degradation of the material 

difficult. 

 

2.1.3 The mechanism of melanin degradation  

 

Melanin degradation by various oxidants has been the subject of investigation for 

several years and an exact mechanism has not been determined. Several studies 

have postulated mechanisms based on the general scheme shown in Figure 31.46 

 

A 

B 

B 
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Figure 31: The general reaction scheme for the breakdown of monomeric indole-

based units to pyrrolic acids. 

 

This reaction scheme was further explored and more detailed steps are suggested in 

figures 32-3424. As can be seen, the initial step is the single-electron oxidation of 

hydroquinone units to o-quinone moieties (theoretically feasible with redox metal 

ions, such as FeIII or CuII, or by ROS such as HOω). This proceeds via the eumelanin 

radical, as is also shown in Figure 31. The o-quinone units are then subject to attack 

by perhydroxyl anions in a variety of possible ways. The attack may proceed via 

either of the reaction pathways shown in Figure 32 and 33. 

Figure 32 depicts the initial cleavage of the oligomer backbone, in this case the 2,4 

linkage, to yield the hydroxylated o-quinone (4), via a 1,2-dioxetane-mediated C-C 

cleavage. This o-quinone can be further oxidised by the perhydroxyl anion, followed 

by copper ions or hydroxyl radicals to form PDCA (5) and oxalic acid.  
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Figure 32: Possible mechanism of the breakdown of eumelanin oligomers by 

hydrogen peroxide and copper ions to form PDCA. 
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Figure 33: Possible mechanism of the breakdown of eumelanin oligomers by 

hydrogen peroxide and copper ions to form PTCA. 

 

Figure 33 indicates that one of the o-quinone units of 3 is first oxidised via a 

muconic-type C-C cleavage to the dicarboxylic acid24, 148. Decarboxylation to form a 



Chapter 2 

59 
 

carbonyl, followed by a Baeyer-Villiger oxidation, allows cleavage of the oligomer 

backbone to form DHICA (6) (Though this is not the only possible mechanism). 

Further breakdown of DHICA by perhydroxyl anions, followed by single electron 

oxidants, such as redox metals or hydroxyl radicals, leads to the formation of PTCA 

(7). 

Later it was proposed that there may be an alternative reaction pathway, via the 

epoxide intermediate shown in figure 34149. 

 

 

Figure 34: An additional reaction pathway for the breakdown of eumelanin into 

alternative pyrrolic acids150, 151.  

 

More pyrrolic acids can be formed via this epoxide intermediate. Attempts to 

interconvert between all the pyrrolic acids by decarboxylation were unsuccessful, 

showing that the various reaction pathways outlined are independent of each 

other. 

There are several suspected oxidants for the steps shown in Figure 31 and Figure 

32. Some of the major species that could potentially contribute towards the 

oxidation of melanin are discussed in the next section. 
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2.1.4 Possible oxidants of melanin in a Fenton -like system  

 

As discussed in chapter 1, the presence of metal ions on the surface and inside hair 

fibres leads to the catalytic decomposition of hydrogen peroxide, when hydrogen 

peroxide is used to bleach hair. This leads to the formation of a variety of different 

reactive oxygen species (ROS), which potentially contribute in some way to the 

oxidative degradation of melanin, as outlined in Figure 32. These ROS include the 

superoxide anion, hydroxyl radical and perhydroxyl anion. Other possible oxidants 

may include molecular oxygen and the metal ions themselves. The roles of these 

oxidants have been studied to some extent in previous work46, 149. However, the 

relative roles of these oxidants in melanin bleaching remain unknown. 

 

 Superoxide anion 

The superoxide anion is likely to be formed in H2O2-based bleaching systems by a 

couple of pathways. The first is the oxidation of hydrogen peroxide by metal ions, as 

in Fenton(-like) chemistry, as discussed in chapter 1. The second is the reduction of 

molecular oxygen by metal ions. 

It has been shown that melanin can oxidise the majority of superoxide anions to 

form molecular oxygen. The remainder is reduced to form hydrogen peroxide, as 

shown in reactions (11) and (12). As a result, monomeric melanin units are 

converted to melanin radicals152.  

 

O2
ω- + melaninox Ą O2 + melanin radical (11) 

O2
ω-

 + melaninred + 2H+ Ą melanin radical + H2O2 (12) 

 

When melanin reacts with a superoxide anion, little change is observed in the 

optical spectrum152. This is possibly due to the disproportionation of melanin 
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radicals, yielding o-quinone units and hydroquinone units (Figure 35), without the 

oligomeric structure being broken down.  

However, when the superoxide anion is produced in a Fenton(-like) system, the 

presence of other oxidants complicates matters. This results in the further oxidation 

of the melanin radical or o-quinone units, thus degrading the oligomer (Figure 31) 

and leading to a loss of colour. 

 

 

Figure 35: Disproportionation of the melanin radical  

 

UV Radiation 

Exposure to radiation has been shown to result in the bleaching of melanin 

pigments46. This has been proposed to be due to the formation of hydrogen 

peroxide from melanin, in the presence of oxygen, when it is irradiated with UV 

radiation. Figure 36 shows how this is possible through the excitation of melanin, to 

form the melanin radical. This radical can then react with oxygen to form a 

superoxide anion, which can dismutate in the presence of water to form hydrogen 

peroxide39, 152, 153. UV radiation or metal ions in the hair fibre may then decompose 

hydrogen peroxide, to produce ROS, such as the hydroxyl radical, which is 

implicated in the bleaching of melanin pigments154. Alternatively, under basic 

conditions the perhydroxyl anion could attack the quinine moieties of the 

melanin46. 
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Figure 36: Proposed mechanism for the production of hydrogen peroxide on the 

irradiation of melanin with UV radiation. 

 

Metal ions 

Metal ions can bind directly to melanin units via the hydroxyl groups on DHI units or 

by the carboxylate groups on DHICA units155, 156. The effect of melanin bound metal 

ions is complex and the majority of studies have focussed on iron ions. Recent work 

has shown that the concentration and oxidation state of the metals play important 

roles in the decomposition of hydrogen peroxide by the melanin-iron complexes157, 

158. At high enough concentrations of Fe(III) ions an increase in the production of 

hydroxyl radicals is evident, compared with that which occurs in melanin-free 

systems. It has been proposed that this is because the reduction of Fe(III) to Fe(II) is 

accelerated by melanin, thus increasing the rate of hydrogen peroxide 

decomposition. At high concentrations, the Fe(III) ions may then displace bound 

Fe(II) ions from melanin and the solvated Fe(II) can then catalyse the production of 

hydroxyl radicals. By contrast, when Fe(II) systems were used, hydroxyl radical 

production appeared to be inhibited in the presence of melanin, potentially as the 

Fe(II) ions are effectively sequestered159. Little information is available on the effect 

of copper ions. However, Korytowksi proposes that a similar situation may exist for 

the reduction of Cu(II) to Cu(I) by melanin46. 

Previous work has demonstrated a correlation between the concentration of 

copper ions and the level of melanin bleaching that is observed for a system, though 

it is unclear whether this is a direct result of the metal ions themselves or the ROS 
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that are formed from the decomposition of hydrogen peroxide37. It is possible that 

metal complex centres could bind to hydroquinone moieties of the melanin. In the 

presence of oxygen, this could lead to the degradation of melanin, as shown in 

Figure 37160, 161.  

 

 

Figure 37: The mechanism for the metal ion oxidation of catechol, in the presence of 

oxygen, that could potentially be applied to melanin. 

 

 Perhydroxyl anion 

Typical bleaching systems have a pH of approximately 10. Therefore, as aqueous 

hydrogen peroxide has a pKa of 11.65, a substantial concentration of perhydroxyl 

anion will exist, due to the deprotonation of hydrogen peroxide45, 50. It has been 

suggested that perhydroxyl anion may cleave carbon-carbon single bonds via 

nucleophilic addition to o-quinone type monomeric units, formed by the reversible 

oxidation of the hydroquinone monomer units, by other oxidants, as shown in 

Figure 3146, 149. Previous work has indicated that the perhydroxyl anion may also be 

involved in the solubilisation of melanin, which is a prerequisite for bleaching41. 

However, there is no conclusive evidence that proves melanin is bleached by the 

perhydroxyl anion. 
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Hydroxyl radical 

Hydroxyl radicals can be formed by the metal ion catalysed decomposition of 

hydrogen peroxide in a Fenton(-like) reaction, as discussed in chapter 1. It is 

possible that hydroxyl radicals are involved in the initial single electron oxidation 

steps that are responsible for the reversible conversion of hydroquinone melanin 

units into o-quinone units. It has been shown that phenol is subject to oxidation by 

hydroxyl radicals to form phenoxyl radicals.162 Similarly, melanin radicals could 

disproportionate to form o-quinone units (Figure 35), which are then subject to 

nucleophilic attack by the perhydroxyl anion46, 149. 

Previous work has attempted to use radical scavengers, such as salicylate based 

compounds in order to inhibit bleaching. However, it was rationalised that this 

would not provide much information, as hydroxyl radicals would be produced at the 

metal centres that are bound to melanin. Due to their high reactivity, hydroxyl 

radicals are more likely to react with the melanin than with the scavenger, at the 

site of their production 46. Thus, the exact role of hydroxyl radical in melanin 

bleaching remains unconfirmed.  

The hydroxyl radical is known to react with most organic molecules at diffusion-

controlled rates163. This causes problems when trying to monitor melanin bleaching 

in heterogeneous systems. It is likely that the hydroxyl radicals generated in 

heterogeneous bleaching baths will react with the outer cuticles of hair fibres or 

with melanosome membranes of isolated heterogeneous melanin, rather than 

diffuse through these structures to the oxidise the melanin itself. In fact, it is the 

reaction of hydroxyl radicals with hair cuticles that is thought to contribute to hair 

fibre damage50. Homogeneous aqueous bleaching systems could be used to gain a 

representation of the effect that the hydroxyl radical has on melanin bleaching. This 

would avoid the problems that are associated with the diffusion of oxidants into 

hair fibres, as mentioned above.  

If the relative concentrations of oxidants, such as hydroxyl radical, present in 

various bleaching systems can be determined, then the roles of certain species 
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involved in the oxidation of melanin may be investigated for soluble melanin 

bleaching systems. 

 

2.2 Aims 

 

The primary aim of the work that is addressed in this chapter was to establish the 

mechanism of soluble melanin bleaching in aqueous solutions. The use of these 

aqueous compositions was to ensure that bleaching solutions could be monitored 

by UV-vis spectroscopy. It also served to remove problems associated with the 

diffusion of highly reactive species into hair fibres or through melanosome 

membranes of heterogeneous melanin, as mentioned on pages 14 and 6420.  

Studying the role of the hydroxyl radical in melanin bleaching would be beneficial, 

as melanin is known to bind metals155, 156, 164. Any perhydroxyl anion or hydrogen 

peroxide that diffuses into the hair fibre may be decomposed directly at the 

melanin, due to bound redox metal ions. Therefore, site-specific oxidation of 

melanin may occur. By studying the effect of hydroxyl radicals on melanin oxidation 

in soluble solutions, it was hoped that some insight into the process of hair 

bleaching might be forthcoming. 

Additionally, the perhydroyxl anion has been postulated to play an important role in 

melanin bleaching46. By studying bleaching systems at varying pH values, the role of 

the perhydroxyl anion in melanin bleaching could be investigated.  

Also of interest is the role that ammonia plays as a base, in the bleaching of soluble 

melanin. It was thought that by comparing systems that used NaOH or NH3, 

buffered to the same pH, the rates of melanin oxidation could yield information on 

the role of bases in the chemistry of hair bleaching processes. 
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2.3 Experimental Methods  

 

All the melanin bleaching reactions that were carried out in this work were 

performed in the laboratory, in the presence of light. The metal ion concentration 

of bleaching solutions was carefully controlled.  

Hydroxyl radical concentration and perhydroxyl anion concentration were varied to 

observe their effect on melanin bleaching. To determine the relative concentrations 

of each of these oxidants, the following procedures were used. 

 

 Perhydroxyl anion 

The perhydroxyl anion concentration is easily calculated using the Henderson-

Hasselbalch equation, given the pKa of hydrogen peroxide (11.65)45:  

ὴὌ ὴὑ ὰέὫ 
ὃ

Ὄὃ
 

For an initial hydrogen peroxide concentration of 0.979 M, the concentration of 

perhydroxyl anion is 1000 times greater in a system at pH 10 compared with one at 

pH 7: 

At pH 7, [HOO-] = 0.022 mM 

At pH 10, [HOO-] = 21.92 mM 

It is important to remember that in certain Fenton(-like) systems, extensive 

decomposition of hydrogen peroxide occurs, which will obviously affect the 

concentration of perhydroxyl anion that is available for bleaching over the course of 

time. 
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 Hydroxyl radical 

As mentioned in chapter 1, the hydroxyl radical can be quantitatively estimated for 

each individual system using the UV active probe NPDPA, which has been 

synthesised by Singh and Hider104. The structure of NPDPA and the mechanism of 

hydroxylation are shown in Figure 38. 

OH NH NH OH

O O OO

NO2

H OH

OH NH
C

NH OH

O O OO

NO2

OHH

OH

OH NH NH OH

O O OO

NO2

OH

 

Figure 38: The mechanism of hydroxylation of the colorimetric probe NPDPA 

 

As can be seen from the mechanism, the hydroxyl radical reacts with NPDPA, to 

yield a hydroxylated carbon-centred radical. Aromaticity is regenerated by the loss 

of a hydrogen atom. This could occur due to the single-electron oxidation of the 

intermediate by a number of species, including redox metal ions or the hydroxyl 

radical. The hydroxylated product that is formed has a strong absorbance at 430 nm 

(lmax). By monitoring the absorbance at this wavelength during a Fenton(-like) 

reaction, a relative quantitative estimation of the concentration of hydroxyl radicals 
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produced in each system can be measured. This method cannot give an absolute 

concentration of hydroxyl radicals, as the selectivity of the reaction of NPDPA with 

hydroxyl radicals is unknown.  

LǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ōŜŀǊ ƛƴ ƳƛƴŘ ǘƘŀǘ ǘƘƛǎ ƳŜǘƘƻŘ ƳŜŀǎǳǊŜǎ ǘƘŜ ƘȅŘǊƻȄȅƭŀǘion of the 

NPDPA probe. Whether this is due to the hydroxyl radical or a non-radical species, 

such as the ferryl ion (See page 18) is unclear. Both of these reactive oxygen species 

have similar reactivity. Attempts to distinguish between them have been made for 

years. However, it is very difficult to make clear distinctions. Some studies suggest 

that both species may be present in a way that is dependent on the exact reaction 

conditions 71, 165. 
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2.3 Results and Discussion 

 

It is unclear from the literature which oxidants play a role in the breakdown of 

melanin during hair bleaching. It was therefore decided to focus on identifying the 

roles and relative importance of oxidants, such as the hydroxyl radical and the 

perhydroxyl anion, in melanin bleaching. It was thought that the relative rates of 

melanin bleaching under various conditions could yield information on the roles of 

these oxidants. With this in mind it was decided that a study of the oxidation of 

soluble melanin in homogeneous model hair bleaching solutions should be 

undertaken. By using homogeneous solutions, physical factors such as the diffusion 

of hydrogen peroxide into hair fibres, or the solubilisation of melanin, should not 

interfere with the observed rate of melanin bleaching. 

When dissolved in aqueous solutions, melanin gives a broadband absorbance when 

observed by UV-vis spectroscopy. As melanin is bleached and degraded it becomes 

colourless and there is a uniform decrease of the broadband absorbance, as shown 

in Figure 51. Therefore UV-vis spectroscopy is an appropriate method for 

monitoring the bleaching. Though the spectrum of melanin lacks defined peaks, 

bleaching can be monitored by following an arbitrary wavelength. With this in mind, 

several experiments were designed whereby aqueous solutions of melanin were 

bleached with hydrogen peroxide under varying conditions. The effect of the 

hydroxyl radicals and perhydroxyl anions on soluble melanin bleaching was the 

primary area of focus. 

 

2.3.1 Preparation of Sepia MFA and bleaching solutions  

  

Sepia melanin was isolated from the ink of Sepia Officinalis and converted to 

Melanin Free Acid (MFA), as described in work by Magarelli and Aime147, 166. The 

electronic spectrum of Sepia MFA in NH4OH is shown in spectrum (i) (Figure 39). 

The elemental analysis of Sepia melain and MFA are shown in Table 5, both analyses 

compare well with the literature values147, 166. Sepia MFA was then dissolved in a 



Chapter 2 

70 
 

base (NH3, MEA or NaOH) and the rate of bleaching by hydrogen peroxide was 

monitored using UV-vis spectroscopy. 

 

Element % C % H % N % Rest 

Sepia melanin observed 54.54 3.85 9.18 32.44 

Sepia melanin theoretical26 53.64 2.80 8.52 35.04 

Sepia MFA observed 42.15 4.96 9.13 43.76 

Sepia MFA theoretical26 44.62 3.39 7.60 44.39 

Table 5: Partial elemental analysis of Sepia melanin and of Sepia MFA, compared to 

literature values. 

 

Figure 39: The UV-vis spectrum of (i) 0.03 mg mL-1 Sepia MFA in 400 mM NH4OH at 

pH 10 & 20 °C, exhibiting broadband absorbance (ii) 8 mM hydrogen peroxide in 

water (iii) 0.03 mg mL-1 Sepia MFA that has been bleached for 120 minutes at pH 10 

& 20 °C in the presence of 400 mM NH4OH, 0.18 mM Cu(II) and 0.979 M H2O2, 

exhibiting a uniform decrease in absorbance in the visible region. 
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A substantial absorbance is present between 200 - 300 nm in the spectra of 

bleaching solutions (spectrum (iii) in Figure 39). This absorbance was shown to be 

caused by the high concentration of hydrogen peroxide in the solutions (spectrum 

(ii) Figure 39). This high concentration of hydrogen peroxide makes the UV region of 

MFA spectra difficult to analyse. However, it is apparent that during bleaching there 

is a uniform decrease in the broadband absorbance at wavelengths higher than 450 

nm. This decrease in absorbance occurs as a result of the degradation of the 

oligomeric chains that comprise the melanin. Therefore, it was considered to be 

necessary to choose a wavelength above 450 nm to monitor the relative 

concentration of melanin during bleaching. For the sake of this study a wavelength 

of 532 nm was chosen, as melanin shows broad band absorbance and no 

wavelength of maximum absorbance is apparent. As a control it was necessary to 

monitor colour fading of the Sepia MFA, once it had been dissolved in solution. This 

was to ensure that bleaching in the formulations occurred as a direct result of the 

oxidants being studied, preventing any misrepresentations. 

 

2.3.2 Colour fading studies of Sepia MFA 

 

Monitoring the fading of the solubilised melanin was achieved by dissolving 0.06 mg 

mL-1 Sepia MFA in 20 mM NH3 at pH 10 and adding 0.18 mM Cu(II). These conditions 

were chosen as they represent the conditions used for bleaching throughout this 

work, before hydrogen peroxide is added (see section 2.3.4 for a detailed 

rationalisation of the conditions). Colour fading was then monitored by UV-vis 

spectroscopy at 20 °C for 2 hours. The electronic spectra are shown in Figure 40. 
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Figure 40: UV-vis spectra to show the fading of Sepia MFA over 2 hours at 20 °C 

where it was dissolved in 20 mM NH3 at pH 10 in the presence of 0.18 mM Cu(II). 

 

It can be seen that over the course of 2 hours, under conditions that were used for 

bleaching (before hydrogen peroxide is added), there is negligible fading of colour. 

This is evident as there is very little change to the intensity of the UV-vis spectra 

over the course of 2 hours. Therefore, it follows that under basic conditions, in the 

presence of copper ions and oxygen, very little melanin is oxidised at 20 °C over the 

course of 2 hours. 

Having demonstrated that the solubilisation of the Sepia MFA itself did not lead to 

substantial colour loss, the rate of melanin bleaching by hydrogen peroxide could 

then be monitored with confidence, using UV-vis spectroscopy. It was of 

considerable interest to study the effect of hydroxyl radicals on melanin bleaching, 

as it is not clear from the literature whether this ROS contributes to the breakdown 

of melanin. In order to investigate the effect of hydroxyl radicals on Sepia MFA 

bleaching, it was decided to use Fenton(-like) systems containing the soluble 

melanin. This provided model homogeneous solutions that were similar to the 
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environment that exists during hair bleaching procedures. In order to control the 

flux of hydroxyl radicals during bleaching, a variety of chelating ligands were used.  

Before this bleaching was monitored, it was necessary to quantify the extent of 

hydroxyl radical production in the systems containing ligands, using UV-vis 

spectroscopy and the colorimetric probe NPDPA. Due to the broadband absorbance 

of melanin it was necessary to omit it from solutions, when using NPDPA to monitor 

the hydroxyl radical flux (in order to prevent the convolution of UV-vis spectra). 

However, as melanin is known to bind metals, its omission from Fenton-like 

solutions could lead to a change in the environment of metal ion centres. This could 

then affect the amount of hydroxyl radicals that is produced, when compared with 

systems containing melanin. It was therefore considered to be necessary to 

determine whether or not the copper ion environment changes on the removal of 

the melanin from the bleaching solutions. 

 

2.3.3 The copper atom environme nt during melanin bleaching  

 

Many types of melanin have been shown to be effective at binding redox metals, 

such as Cu(II) and Fe(III), predominantly by the hydroxyl groups of multiple 

hydroquinone moieties in the melanin, as shown in (Figure 41)155, 156, 160, 167. The 

carboxylic acid group of DHICA units has been shown to bind Ca2+ and Mg2+167. 

However, binding in this manner has only been demonstrated for Fe(III) at acidic 

pH160. Due to this tendency of melanin to bind to metal ions, it was important to 

determine whether chelating ligands, such as EDTA, bind the metal centres 

effectively in the presence of Sepia MFA. The effect of the metal-ligand complex on 

hydrogen peroxide decomposition and hydroxyl radical production in a Fenton-like 

system could then be determined.  
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Figure 41: The binding of metals by melanin residue at alkaline pH156 

 

Figure 42 shows the EPR spectra of frozen solutions, at 140 K, containing 20 mM 

NH4OH, 0.18 mM Cu(II), (1.3 mM EDTA and/or 0.06 mg mL-1 Sepia MFA). The 

hyperfine (A) and g-tensors for each spectrum were simulated using EasySpin in 

MATLAB and are shown in Table 6. It is apparent that in the presence of EDTA and 

Sepia MFA, Cu(II) is bound to EDTA. The addition of Sepia MFA to a solution 

containing 0.18 mM Cu(II) and 1.3 mM EDTA in 20 mM NH4OH makes little 

difference to the EPR spectrum that is observed. The simulated parameters of the 

Cu(II)-EDTA spectrum compare well to values from the literature (gII = 2.337, g¤ = 

2.09 & AII = 431.58 MHz168, 169). 

Both of these spectra vary significantly from the spectrum of CuII in ligand-free 

solutions containing Sepia MFA, showing that the copper is not bound to the 

melanin. 0.06 mg mL-1 Sepia MFA is roughly equivalent to a concentration of 0.36 

mM, based on the unit molecular weight of 164.4 g mol-1 proposed by Katritzky26. 

Therefore, Sepia MFA should not be saturated with copper ions. Additionally, the 

EPR spectrum of copper in solutions of Sepia MFA shows that only one copper 

species exists in solution under these conditions. Presumably, this is a Cu(II)-Sepia 

MFA complex, based on previous studies on the affinity of various melanins for 

copper155, 156. The simulated parameters of the Cu(II)-MFA complex do not compare 

well with literature values for Cu(II)-catechol melanin, at pH 9.9 (gII = 2.271 & AII = 

575.00 MHz155), though this could be due to the structural differences between the 

Sepia MFA and catechol melanin (Figure 30 & Figure 10). Despite this, it can be 
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concluded from these EPR spectra that Cu(II) is not bound to Sepia MFA in the 

presence of EDTA.  

 

 

Figure 42: EPR spectra of frozen solutions at 140 K containing 20 mM NH4OH, 0.18 

mM Cu(II), (1.3 mM EDTA) and/or (0.06 mg mL-1 Sepia MFA at pH 10. Spectral 

subtraction has been used to remove the melanin signal from all spectra. 

 

Complex gII g¤ AII / MHz A¤ / MHz 

Cu(II)-EDTA 2.307 2.065 434.39 39.23 

Cu(II)-MFA 2.395 2.055 599.73 120.51 

Table 6: The hyperfine (A) and g tensors for copper-EDTA and copper-MFA 

complexes. 

 

These results are consistent with the literature data on binding constants of 

synthetic DHI-melanin, which show that copper bound to the hydroxyl groups of 
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hydroquinone moieties has a binding constant of log k = 15.6.156 EDTA has a higher 

binding constant for Cu(II) (Table 7), confirming that any metal ions present in 

solution will be chelated to the ligand. It is important to note that the binding 

constant of the Cu(II)-MFA complex will be slightly different to the value shown for 

Cu(II)-synthetic melanin, as there are some structural differences between the two 

melanins (Figure 10 and Figure 30). However, synthetic melanin provides a good 

model to make an estimate of the binding constant of Cu(II)-MFA complex. 

In order to determine the time taken for ligands, such as EDTA, to chelate the 

copper ions that are bound to Sepia MFA. It was decided to study the change in 

kinetics of hydrogen peroxide decomposition, when EDTA is added to a solution of a 

Cu(II)-MFA complex in alkaline conditions. Hydrogen peroxide decomposition is 

thought to occur in the presence of the copper-melanin complex46. By contrast, the 

EDTA-Cu(II) complex is known to result in negligible hydrogen peroxide 

decomposition, (see chapter 3). Thus, the time taken for the change in the kinetics 

of hydrogen peroxide decomposition to occur should provide an indication of the 

time taken for EDTA to chelate copper centres from Sepia MFA. 

The rate of hydrogen peroxide decomposition can be studied by measuring the 

volume of oxygen evolved during the Fenton-like reaction, (see chapter 7). Using 

this method the percentage peroxide decomposition was calculated for a system 

containing 20 mM NH3, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C with 1.3 

mM EDTA added at a reaction time of 30 seconds. By delaying the addition of EDTA 

by 30 seconds the rate of hydrogen peroxide can be observed before the addition of 

ligand. The change in the kinetics of the decomposition can thus be observed on the 

addition of the ligand. 

Figure 43 shows that for a Fenton(-like) system containing 20 mM NH4OH, 0.18 mM 

Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C, the rate of decomposition proceeds at a 

relatively slow rate, before the addition of 1.3 mM EDTA. Upon the addition of the 

ligand, the rate of decomposition becomes negligible, showing that Cu(II)-EDTA 

complex is effective at inhibiting the breakdown of hydrogen peroxide.  
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Figure 43: Graph to show the rates of hydrogen peroxide decomposition for the 

following systems: 20 mM NH3, 0.18 mM Cu(II), 0.979 M H2O2, (0.06 mg mL-1 Sepia 

MFA) at pH 10 & 20 °C. 1.3 mM EDTA, added at 30 seconds. 

 

For a system containing Sepia MFA (20 mM NH3, 0.18 mM Cu(II), 0.979 M H2O2 and 

0.06 mg mL-1 Sepia MFA, at pH 10 & 20 °C, with the addition of 1.3 mM EDTA, at a 

reaction time of 30 seconds), the initial rate of hydrogen peroxide decomposition, 

before EDTA addition, is much greater than the corresponding system without Sepia 

MFA. This suggests that the Cu(II)-melanin complex may catalyse hydrogen peroxide 

decomposition, initially in a similar manner to that of the Fe(III)-melanin complex, 

where the metal ion centre is reduced by melanin (Page 62)158. Korytowski proposes 

that this is also a possibility for Cu(II)-melanin. Furthermore, it has been shown that 

Cu(I)-melanin is readily oxidised by hydrogen peroxide or oxygen46, whereas this has 

not been shown for Fe(II)-melanin complexes. Therefore, the catalytic activity of 

bound-to-melanin copper ions appears to differ to iron ions and can efficiently 

decompose hydrogen peroxide. 

Upon the addition of EDTA, at 30 seconds the rapid inhibition of peroxide 

decomposition is observed, as in the MFA-free system. This is evidence for the rapid 
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binding of copper by EDTA, in aqueous systems that contain soluble Sepia MFA. 

Additionally, it was shown that the EDTA-Cu(II) complex is the only copper ion 

environment that will exist in these bleaching solutions. Thus, it can be assumed 

that the concentration of hydroxyl radical flux, measured in the absence of melanin, 

will be similar to systems that contain melanin. Although the extraction of copper 

from melanin was only investigated for EDTA, it can be reasonably assumed that 

EDDS and DTPMP would behave in a similar manner due to the high stability 

constants of the Cu(II) complexes (Table 7). When HEDP is added to solutions of 

melanin and copper at a basic pH, Cu(II) is likely to remain bound to the melanin 

due to the low affinity of HEDP for Cu(II) ions under alkaline conditions (See Figure 

69).  

 

Ligand Stability Constant / logK 

EDTA 18.78 

EDDS 18.50 

DTPMP 19.50 

HEDP 12.10 

Table 7: The stability constants of various Cu(II) complexes95, 130. 

 

Using the colorimetric probe NPDPA, the production of hydroxyl radicals as a result 

of hydrogen peroxide decomposition by these copper-ligand complexes, could be 

measured. As discussed, it was necessary to omit melanin from these experiments, 

as the broad band absorbance it exhibits interferes with the absorbance due to the 

hydroxylated NPDPA probe. However, for the EDTA, EDDS and DTPMP systems 

melanin is unlikely to make a difference to the extent of hydroxyl radical production 

observed. This may not be the case for the ligand-free and the HEDP systems, as the 

presence of melanin appears to accelerate hydrogen peroxide decomposition in the 

absence of strong ligands (Figure 43). Therefore, when melanin is omitted from 

HEDP and ligand-free systems, an underestimation of the level of hydroxyl radical 
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production may result. By measuring the relative concentrations of the hydroxyl 

radical flux in the various Fenton-like systems described in section 2.3.4, one can 

provide information to help to determine the effect that the radical has on melanin 

bleaching. 

 

2.3.4 The effect of hydroxyl radicals on Sepia MFA bleaching 

 

It is unclear from the literature if hydroxyl radicals play a role in melanin bleaching. 

Thus, it was decided to use a range of Fenton-like systems, which result in various 

concentrations of hydroxyl radicals, to observe the effect that the radical has on the 

breakdown of the melanin. Fenton-like systems that contain ligands, such as EDTA, 

are known to result in a low hydroxyl radical flux, whereas ligand-free systems 

result in much more hydroxyl radical production, due to extensive hydrogen 

peroxide decomposition, (see chapter 3). As discussed in the previous section, when 

chelating ligands are not added to melanin/copper solutions the copper will be 

bound by melanin. Therefore, these systems are not truly ligand-free, but are 

referred to as such for the sake of simplicity. By comparing the extent of melanin 

oxidation in ligand-free compositions to those that contain ligands, the effect of the 

hydroxyl radical on bleaching can be observed. 

First it was necessary to determine the hydroxyl radical flux, in the various Cu(II) 

formulations, that could be used to bleach Sepia MFA. To do this the following 

composition was monitored at 430 nm by UV-vis spectroscopy, 20 mM NH4OH, (1.3 

mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 & 20 °C.  

These conditions can be considered to be a model, to simulate the conditions used 

in commercial hair bleaching formulations. The concentration of ammonia used was 

substantially lower than that used in commercial formulations to avoid 

complications with the UV-vis spectra, as discussed in chapter 3. However, solutions 

were still buffered to pH 10. This is typical of the pH that is provided by bleaching 

formulations. A copper ion concentration of 0.18 mM Cu(II) was used to mimic the 
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concentration of copper ions found in the hair cortex, where melanin bleaching 

occurs. The hydrogen peroxide concentration used is also representative of the 

concentration found in commercial formulations. Finally, NPDPA was used to 

quantitatively estimate the amount of hydroxyl radical produced by these model 

bleaching formulations. Once the amount of hydroxyl radical had been estimated, 

the NPDPA was replaced with 0.06 mg mL-1 Sepia MFA, to provide a model 

composition that would represent the typical environment found during the 

bleaching of black hair. It was thought that in particular these model compositions 

could provide information on the bleaching of hair in individuals from Asia, where 

black hair is common. 

As discussed on page 67, the colorimetric probe NPDPA is hydroxylated in the 

presence of hydroxyl radicals. The hydroxylated adduct (hNPDPA) has a strong 

absorbance at 430 nm (Figure 44). Thus, by monitoring the absorbance at 430 nm, a 

relative quantitative estimate can be made for the amounts of hydroxyl radical that 

are produced by the various Fenton-like systems. 
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Figure 44: The UV-vis spectra showing an increasing absorbance at 430 nm due to 

hNPDPA formation during the reaction of 20 mM MEA, 0.18 mM Cu(II) and 0.979 M 

H2O2 and 1 mM NPDPA, at pH 10 & 20 °C. 

 

The results in Figure 45 show that for systems containing ligands, there is generally 

a very low hydroxyl radical flux, when compared with the ligand-free system, which 

shows a steady increase in hydroxyl radical production across 2 hours. One 

exception is the HEDP system, which shows a rapid generation of the hydroxyl 

radical inside the first 20 minutes, at which point the production of hydroxyl radical 

levels off. The seemingly odd behaviour of this system can be explained by 

recognising the formation of copper nanoparticles in Fenton-like systems that 

contain HEDP. These nanoparticles initially catalysed the decomposition of 

hydrogen peroxide, generating a high quantity of hydroxyl radical. After a reaction 

time of 20 minutes, the nanoparticles aggregated, leading to an abrupt decrease in 

the rate of hydrogen peroxide decomposition170.  
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Figure 45: Graph to show the rate of formation of hydroxyl radical, by observation of 

the absorbance at 430 nm in the following systems: 20 mM NH3, (1.3 mM ligand), 

0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 & 20 °C 

 

For the ligand-free and HEDP systems there is already a substantial absorbance at 

the beginning of the reaction. This is due to the rapid generation of the hydroxyl 

radical in these systems. This, coupled with the high reactivity of the hydroxyl 

radical, results in an immediate hydroxylation of the NPDPA probe and hence a 

considerable absorbance is evident immediately after the reaction is initiated.  

Using this information concerning hydroxyl radical production, it was next decided 

to use the same conditions to bleach melanin. It would thus be obvious if there was 

a correlation between the amount of hydroxyl radicals produced by a formulation 

and the extent of melanin bleaching that occurs.  

The general reaction studied involved the use of 20 mM NH3, (1.3 mM ligand), 0.18 

mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA, at pH 10 & 20 °C. These are 

the same conditions that were used to monitor the hydroxyl radical formation, with 

the substitution of NPDPA for Sepia MFA. A concentration of 0.06 mg mL-1 MFA was 
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used, as this provided the absorbance that could be monitored reliably by UV-vis 

spectroscopy without any solubility issues arising. The rate of soluble Sepia MFA 

bleaching by hydrogen peroxide and Cu(II), with and without ligands, is shown in 

Figure 46. 

 

 

Figure 46: Graph to show the rate of melanin bleaching in systems containing 20 

mM NH3, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia 

MFA at pH 10 &20 °C. 

 

Generally, for all the systems studied, the rate of bleaching is relatively high initially. 

However, this rate slows down over the course of the reaction. This could be due to 

the fact that melanin oligomers naturally contain o-quinone units, which can be 

oxidised by the perhydroxyl anion directly leading to the immediate breakdown of 

the melanin. However, once these units have been oxidised, bleaching relies on the 

formation of more o-quinone units from hydroquinone moieties before the melanin 

can continue to be broken down. Hence, the rate of bleaching decreases. 
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For the systems when a negligible hydroxyl radical flux is observed by NPDPA, such 

as the EDTA system, less bleaching occurs over 2 h reaction than for the ligand-free 

system, where the hydroxyl radical flux is high. This could be due to the fact that 

there are less hydroxyl radicals available in EDTA systems to convert the 

hydroquinone moieties to o-quinone units, for breakdown by perhydroxyl anions. 

For these systems, the majority of bleaching that is observed could be attributed to 

oxidants other than the hydroxyl radical, such as radiation, metal ions or 

perhydroxyl anion.  

The ligand-free composition displayed a greater rate of hydrogen peroxide 

decomposition than is observed in formulations that contain strong ligands. This 

confirms that there is a correlation between the hydroxyl radical flux and the rate of 

melanin bleaching. The decrease in absorbance due to melanin was so fast in the 

ligand-free system that it degraded a substantial amount before the first reading 

was taken, hence the lower initial absorbance at the start of the reaction. This data 

immediately suggest that in soluble melanin systems, the hydroxyl radical could 

play an important role in bleaching.  

Although the amount of hydroxyl radical flux appears to correlate with the extent of 

melanin bleaching that is observed, it is important to note that when the ligands 

bind to metal centres, they alter their redox potentials. On chelating the metal ion 

centres with ligands, such as EDTA, the decrease in melanin bleaching could be due 

to the inability of the metal ions to directly oxidise the melanin itself, because of its 

altered redox potential. However, on removing hydrogen peroxide from ligand-free 

bleaching solutions, the extent of melanin bleaching was negligible. This confirms 

that it is the hydroxyl radical and not the metal centres that are responsible for the 

majority of bleaching in these compositions. 

In the combinations studied, the formulation containing HEDP is unique in its 

behaviour. The absorbance at 532 nm increased approximately 20 minutes into the 

reaction. It has been shown in previous work that this increase in absorbance is due 

to the formation of copper nanoparticles, in Fenton-like systems that contain 

HEDP170. The bleaching of melanin appears to be complete before formation of 
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these nanoparticles occurs. The high rate of bleaching that was observed in this 

system again correlates with the extensive hydroxyl radical flux. 

Having observed that hydroxyl radicals contribute to soluble melanin bleaching, as 

postulated in the literature46, it was decided to investigate the role that perhydroxyl 

anions play in bleaching. By altering the pH of the bleaching systems, the 

concentration of perhydroxyl anions that are available for bleaching changes. Thus, 

the effect that the anion has on melanin oxidation can be observed.  

 

2.3.5 The effect of perhydroxyl anion on Sepia MFA bleaching 

 

As for the hydroxyl radical, it is unclear from the literature whether the perhydroxyl 

anion plays an important role in melanin bleaching. It was therefore decided to 

investigate the role of the anion in melanin oxidation, by varying the pH of 

bleaching systems. When the pH is increased in bleaching systems that contain 

hydrogen peroxide, the concentration of perhydroxyl anion that is available for 

bleaching is also increased. In order to determine if perhydroxyl anion plays an 

active role in the bleaching of soluble Sepia MFA, several experiments were set up 

using the general conditions 20 mM NH3, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M 

H2O2, 0.06 mg mL-1 Sepia MFA at pH 10 or 7 & 20 °C.  

The presence of ligand gives a system which has a negligible hydroxyl radical flux. 

When ligand is not used there is plenty of hydroxyl radical available to contribute to 

bleaching. Bleaching systems with and without ligand were analysed for at pH 7 and 

pH 10. At pH 7 there is roughly 0.022 mM perhydroxyl anion available for bleaching, 

whereas at pH 10 this concentration rises to 22 mM (See page 66). By studying 

systems that contain ligand and those that are ligand-free at both pH values, the 

relative importance of perhydroxyl anion and hydroxyl radical can be compared. 

The extent of bleaching for these systems can be seen in Figure 47. 
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Figure 47: Graph to show melanin bleaching in the following system: 20 mM NH3, 

(1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 MFA at pH 10 or 7 

& 20 °C. 

 

It is apparent that there is extensive bleaching of Sepia MFA in ligand-free systems 

at both pH 10 and 7. Despite the differences in perhydroxyl anion concentrations 

that are expected for these compositions, the amount of melanin bleaching is quite 

similar. Figure 48 shows that the level of hydroxyl radical flux in the pH 7 ligand-free 

system is much greater than for the corresponding pH 10 system. This not only 

compensates for the lesser amounts of perhydroxyl anions available for bleaching at 

neutral pH, it actually results in faster bleaching overall. This again confirms that the 

hydroxyl radical plays an important role in the oxidation of melanin in soluble 

systems. Although, ammonia is required in commercial formulations to provide an 

alkaline pH to bleach hair, these results show that once the melanin is solubilised, 

the hydroxyl radical is able to bleach melanin even at neutral pH. This confirms that 

ammonia is needed to solubilise the melanin in order for rapid bleaching to occur, 

as discussed on page 96. 
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Figure 48 also shows that the hydroxyl radical flux in EDTA systems is similar at both 

pH 7 and pH 10. However, the extent of melanin bleaching that is observed is much 

greater in the system at pH 10. This is due to the higher concentration of 

perhydroxyl anions that are available in the pH 10 system. It is also possible that the 

deprotonation of groups within melanin could contribute to the increased rate of 

oxidation, once bleaching is initiated by perhydroxyl anion. The EDTA containing 

formulations demonstrate the ability of the perhydroxyl anion to bleach melanin in 

the presence of negligible amounts of hydroxyl radicals. However, it appears that 

the hydroxyl radical is a much more effective oxidant of soluble melanin than the 

perhydroxyl anion, as the bleaching in the ligand-free systems at both high and 

neutral pH values is far more extensive.  

 

 

Figure 48: Graph to show hydroxyl radical flux in the following systems: 20 mM NH3, 

(1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 or 7 & 20 

°C. 
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It is also evident from Figure 47 that rapid melanin bleaching occurs in the ligand-

free system at pH 7, where there is a high flux of hydroxyl radicals and the 

concentration of perhydroxyl anion is negligible. This indicates that the mechanism 

of melanin oxidation shown in Figure 31 is not the only possibility at a neutral pH. 

An additional mechanism may exist whereby the hydroxyl radicals are capable of 

bleaching melanin, without the need for perhydroxyl anions. (This is discussed 

further on page 94). 

This data provide novel proof that both the hydroxyl radical and the perhydroxyl 

anion contribute to the mechanism of soluble melanin bleaching, as hypothesised 

by Korytowski46. In order to gain further mechanistic insights into the exact roles of 

both these oxidants in melanin bleaching, the time-delayed addition of a chelating 

ligand to a soluble melanin bleaching system was investigated.  

 

2.3.6 Time delayed chelation of metal ions during Sepia MFA bleaching 

 

Existing studies of melanin bleaching propose that hydroxyl radicals could be an 

initial oxidant of the DHI units in melanin to form o-quinone units, which may then 

be subject to nucleophilic attack by perhydroxyl anions46. 

In order to probe this mechanism, the addition of a chelating ligand was delayed 

during the bleaching of Sepia MFA systems so that, initially, there would be a ligand-

free environment to generate an abundance of hydroxyl radicals. Thus, a high 

number of DHI and DHICA units may be converted to o-quinone units. After 

chelation, the rate of bleaching of these o-quinone units, by the perhydroxyl anions, 

can then be compared to the rate of bleaching of melanin that has not been pre-

oxidised by hydroxyl radicals. 

Importantly, Figure 43 shows that the chelation of metal ions by EDTA, in Sepia 

MFA-Cu(II) systems, is very fast and as the reactivity of the hydroxyl radical is so 

great, there would be no hydroxyl radicals available for bleaching almost 

immediately after chelation. 
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Alkaline pH 

A ligand-free bleaching formulation containing 20 mM NH3, 0.18 mM Cu(II), 0.979 M 

H2O2 and 0.06 mg mL-1 Sepia MFA, at pH 10 & 20 °C, was set up. The absorbance 

was monitored by UV-vis spectroscopy at 532 nm. 1.3 mM EDTA was added after 

various time periods. The effect on bleaching can be observed in Figure 49. 

 

 

Figure 49: Graph to show how the time-delayed addition of 1.3 mM EDTA affects the 

bleaching of Sepia MFA in the following system: 20 mM NH3, 0.18 mM Cu(II), 0.979 

M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. 

 

The rate of bleaching before the addition of EDTA is relatively high because there 

are plenty of hydroxyl radicals available for oxidation. Upon the addition of EDTA, 

the metal ions are chelated quickly yet the rate of melanin bleaching remains 

relatively high. This suggests that the general mechanism suggested by Korytowski, 

in Figure 31,46 is viable. An oxidant, in this case the hydroxyl radical, converts the 
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melanin to an intermediate, such as o-quinone, that is then readily bleached by the 

perhydroxyl anion. 

Further to this, in ligand-free bleaching systems, the UV-vis spectra show a shoulder 

in the absorbance, at approximately 400 nm, (Figure 50). This could correspond to a 

build-up of o-quinone units in the melanin171, as a result of a large quantity of the 

DHI and DHICA units being oxidised, by the high concentration of hydroxyl radical. 

 

 

Figure 50: UV-vis spectra over the time course of melanin bleaching, showing a 

shoulder in the absorbance at 400 nm for the following system: 20 mM NH3, 0.18 

mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. 

 

This shoulder in the absorbance, at approximately 400 nm, is not present in the 

composition containing EDTA, where very little hydroxyl radical is produced (Figure 

51). This could be further evidence that, when there is lower hydroxyl radical flux, 

the lesser amounts of bleaching are due to less DHI/DHICA oxidation by the 

hydroxyl radical. Hence, this explains the lack of evidence of accumulation of o-

quinone units in the UV-vis spectra.  
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By using IR to quantify the concentration of hydroxyl groups and the carbonyl 

environments, in both ligand-free melanin and EDTA bleached melanin, further 

evidence for this suggested mechanism could be acquired.  

 

 

Figure 51: UV-vis spectra over the time course of melanin bleaching, showing no 

shoulder in the absorbance at 400 nm for the following system: 20 mM NH3, 1.3 mM 

EDTA, 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. 

 

This data suggest that the mechanism depicted in Figure 31 could be correct for pH 

10 conditions. However, to confirm this, it was necessary to study the time-delayed 

chelation of metal ions in ligand-free bleaching systems, at pH 7. The effect of the 

perhydroxyl anions on bleaching, after the addition of EDTA, can thus be observed 

by comparing the rate for the pH 10 systems and the pH 7 systems. Additionally, the 

possibility of an alternative mechanism of melanin bleaching existing at pH 7 can be 

confirmed, as mentioned on page 88.  
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Neutral pH conditions 

Bleaching experiments were performed at a neutral pH of 7. The ligand-free 

bleaching system was set up with 20 mM ammonia, 0.18 mM Cu(II), 0.979 M H2O2 

with 0.06 mg mL-1 Sepia MFA. 1.3 mM EDTA was added to the solution at various 

time points, to chelate the metal ions. The bleaching of melanin was monitored at 

532 nm by UV-vis spectroscopy at 20 °C. The results are shown in Figure 52. 

 

 

Figure 52: Graph to show how the time-delayed addition of 1.3 mM EDTA affects the 

bleaching of Sepia MFA in the following composition: 20 mM NH3, 0.18 mM Cu(II), 

0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 7 & 20 °C. 

 

A similar trend can be observed for the bleaching experiments that were performed 

at pH 7 as for those experiments performed at pH 10. Initially there is a rapid rate of 

melanin bleaching due to the high hydroxyl radical flux. Upon chelation of the metal 

centres, by EDTA, the rate of melanin bleaching is inhibited.  
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However, for the bleaching systems studied at pH 7 it is apparent that the rate of 

bleaching after EDTA addition is different to the rate with the pH 10 systems. Firstly, 

bleaching is inhibited more rapidly after the EDTA addition than for the pH 10 

system. Secondly, there is much less overall bleaching when EDTA is added at pH 7. 

Figure 53 clearly shows an example of the lower rate of melanin bleaching that was 

observed for a pH 7 system, compared with a pH 10 system, after the addition of 

EDTA.  

 

 

Figure 53: Graph to show the effect of pH on the rate of Sepia MFA bleaching in the 

following compositions: 20 mM ammonia, 0.18 mM Cu(II), 0.979 M H2O2 and 0.06 

mg mL-1 Sepia MFA at pH 10 or 7 & 20 °C(1.3 mM EDTA added at 1 minute). 

 

The initial rate of bleaching (prior to EDTA addition) is much faster in the ligand-free 

system at pH 7, due to higher hydroxyl radical flux, before the addition of EDTA at 1 

minute. Upon the addition of the chelating ligand, the rate of bleaching in the pH 7 

composition is reduced almost immediately. At this point, the rate of bleaching is 

greater in the pH 10 composition. The lower rate of bleaching in the pH 7 
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composition is due to the fact that there is very little perhydroxyl anion available to 

bleach any o-quinone units that are generated. This appears to add further 

confidence in the mechanism proposed in Figure 31, giving further evidence for the 

role that hydroxyl radicals play in accelerating the rate of Sepia MFA bleaching due 

to the perhydroxyl anions. It also confirms that another rapid mechanism of 

bleaching, caused by the hydroxyl radicals in the pH 7 system.  

In a ligand-free composition at pH 7, melanin bleaching by hydroxyl radicals may 

proceed via a similar mechanism to the one suggested by Poeggeler et al, for the 

degradation of melatonin.172 They propose that indoles may be oxidised to the 

indolyl cation radical. This radical is then degraded by superoxide anions to form the 

kynuramine metabolite shown in Figure 54.172 Breakdown of the oligomeric 

backbone could also occur as a result of hydroxyl radical oxidation to form a carbon 

centred radical on the indole ring which, in the presence of oxygen, would lead to 

peroxyl radicals173 and a 1,2-dioxetane mediated cleavage of carbon-carbon single 

bonds that link monomeric units (Figure 55). This additional mechanism could be 

verified by analysis of the type and the quantity of degradation products obtained 

in the pH 7 ligand-free formulation and in the pH 10, EDTA formulation. 

 

 

Figure 54: Mechanism to show the reactivity of hydroxyl radical towards indole-like 

molecules. 
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Figure 55: Potential mechanism of hydroxyl radical mediated melanin oxidation in 

the absence of perhydroxyl anions. 

 

This degradation by hydroxyl radicals may occur at pH 7 when there is no 

perhydroxyl anion available. However, there is nothing to stop this sequence 

occurring at pH 10, as well as the mechanism suggested by Korytowski. The extent 

to which each mechanism contributes to bleaching may alter significantly 

depending on the pH of the bleaching system. The degradation by hydroxyl radical 

may dominate at a neutral pH. However, as the pH increases, the mechanism 

involving the perhydroxyl anion could start to play a more important role, as the 

concentration of perhydroxyl anion increases. 

Having confirmed the importance and roles of perhydroxyl anions and hydroxyl 

radicals in melanin bleaching, it was considered to be desirable to establish the 

effect that the base has on the chemistry of soluble Sepia MFA bleaching. Ammonia 

is thought to facilitate the diffusion of oxidants into the hair fibre, where melanin 

bleaching can occur. Diffusion is not a factor in homogeneous systems. In this way 

whether or not ammonia plays a role in the chemistry of melanin bleaching can be 
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established. It was thought that this approach could help to explain why a change in 

base leads to varying levels of hair bleaching.  

 

2.3.7 The role of ammonia in soluble melanin bleaching  

 

Ammonia is used in hair bleaching systems in order to provide an alkaline pH for the 

generation of the perhydroxyl anion, which is necessary for melanin bleaching in 

heterogeneous systems. Ammonia is used as the base in particular is because it 

effectively swells hair fibres. This allows oxidants into the cortex of the hair fibre, 

where they can then bleach the melanin174.  

Ammonia also plays a role in heterogeneous melanin bleaching. Figure 56 and 

Figure 57 demonstrate the differences in heterogeneous melanin bleaching that are 

apparent when the base is changed from ammonia to sodium hydroxide. When 

ammonia is used as a base, the colour of the bleaching solution changes from dark 

brown to orange-brown, as the melanin is bleached. However, when sodium 

hydroxide is used, the initial appearance of the bleaching solution is different. 

Figure 57 (a) shows that the melanin granules are not solubilised in the same way. 

As a result, the solution appears slightly lighter in colour initially. Despite this, after 

12 hours of bleaching, the solution is still dark-brown, demonstrating that NaOH is 

not as effective as ammonia in heterogeneous bleaching systems. Ammonia could 

potentially interfere with hydrogen bonding within melanin and allow faster 

oxidation, resulting in the differences that are observed.  
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Figure 56: Heterogeneous melanin bleaching (400 mM NH3, 2 mg mL-1 Sepia melanin 

& 1.63 M H2O2 at pH 10 & 20 °C) at (a) 0 hours and (b) 12 hours 

 

 

Figure 57: Heterogeneous melanin bleaching (400 mM NaOH, 2 mg mL-1 Sepia 

melanin & 1.63 M H2O2 at pH 10 & 20 °C) at (a) 0 hours and (b) 12 hours 

 

These physical factors make ammonia a suitable base for hair bleaching 

formulations. However, in order to establish whether or not ammonia also plays a 

role in the chemistry of melanin bleaching, it was decided to investigate the role of 

ammonia in homogeneous solutions. Diffusion of the oxidants and the solubilisation 

of melanin will not affect the rates of bleaching in homogeneous solutions. Any 

differences in the rate of bleaching that are observed when the base is changed can 

therefore be attributed to differences in chemistry. 

In order to determine the role of ammonia, homogeneous bleaching systems were 

set up that used NaOH buffered to pH 10, instead of ammonia. The rate of melanin 

oxidation was then compared to the systems that contained ammonia. The kinetics 

of bleaching for the systems containing 20 mM base, (1.3 mM ligand), 0.18 mM 

Cu(II), 0.979 M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °Care shown in 

Figure 58. 

(a) 

(a) 

(b) 

(b) 
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Figure 58: Graph to show the differences in Sepia MFA bleaching on varying the 

base for the following systems: 20 mM base, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 

M H2O2 and 0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. 

 

It is evident that the general trend in oxidation is similar, regardless of the base that 

is used to generate the perhydroxyl anions. When EDTA is used as a ligand there 

arises a negligible hydroxyl radical flux in both NH3 and NaOH systems (Figure 59) 

and the rate of melanin bleaching is similar for both systems. This indicates that in 

soluble melanin bleaching, the type of base does not play an important role at 20 

°C. 

There are some slight differences in the rate of oxidation in the case of the ligand-

free systems. These differences are recognised by observing the hydroxyl radical 

flux in these systems, as shown in Figure 59. It is clear that there is a greater 

hydroxyl radical concentration produced in the NaOH system by 10 minutes 

reaction time, so it is logical that more bleaching should have occurred by this time 

point. After this point bleaching is nearly complete, so any colorimetric differences 

between the systems are relatively minor.  
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Figure 59: Graph to show the effect of base on hydroxyl radical production for the 

following systems: 20 mM base, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 

1 mM NPDPA at pH 10 & 20 °C. 

 

Overall, the effect on soluble melanin bleaching of changing the base is minor. The 

only differences that are observed are when the base results in a change in the flux 

of hydroxyl radical. This suggests that these results depend on the concentration of 

base that was used. This also suggests that the role of the base in hair bleaching is 

purely a physical one, in that it allows oxidants such as the perhydroxyl anion to 

diffuse into the hair cortex, where melanin is situated and bleaching can occur. 
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2.4 Conclusions  

 

The primary purpose of the work that was described in this chapter was to unravel 

the roles of hydroxyl radicals and perhydroxyl anions in the chemistry of melanin 

bleaching and the consequences. This was achieved by studying the bleaching of 

soluble Sepia MFA-based compositions by UV-vis spectroscopy at 20 °C. These 

model formulations provided mechanistic insights into the bleaching of hair from an 

Asian demographic, due to the comparable eumelanin content of the Sepia MFA 

and black hair. These more soluble compositions resulted in environments where 

the diffusion of oxidants into hair fibres was not a factor that influenced the rate of 

melanin bleaching. This meant the effect of individual oxidants on the chemistry of 

bleaching could be directly observed. However, the fact that there is no diffusion 

needs to be taken into account when comparing bleaching in these model 

formulations to commercial ones. During the bleaching of whole hair fibres 

diffusion of oxidants into the hair cortex will influence the rate of bleaching, as well 

as the role that each oxidant might play in the process. 

Importantly, there was evidence to show a relatively high rate of melanin bleaching 

occurs in systems where a high level of hydroxyl radical flux was observed, due to 

extensive hydrogen peroxide decomposition. 

When formulations that contained chelants, such as EDTA, were studied, the metal 

ion was shown to bind effectively, less melanin bleaching being observed. For these 

compositions, more bleaching was observed at pH 10 than under neutral pH due to 

the greater concentration of perhydroxyl anion. This provided novel evidence for 

the role that the perhydroxyl anion plays in melanin bleaching, as has been 

hypothesised in the literature46. 

Bleaching in the ligand-free systems occurred more rapidly at pH 7. This effect could 

be attributed to the fact that there is a greater hydroxyl radical flux in the ligand-

free system, at pH 7. This also implies that there is a mechanism for soluble melanin 

bleaching that does not involve the perhydroxyl anion, (outlined in Figure 54 and 

Figure 55). 
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The time-delayed chelation of metal ions, using EDTA, during melanin bleaching 

revealed that pre-treatment of the melanin with hydroxyl radicals increased the 

rate of oxidation by the perhydroxyl anion, when compared with equivalent 

formulations that were not pre-treated with hydroxyl radicals.  

The UV-vis spectra of the ligand-free bleaching formulations showed that the 

absorbance at approximately 400 nm remained relatively high compared to the 

absorbance obtained with other formulations. This may occur as a result of the 

greater hydroxyl radical flux, leading to a build-up of o-quinone units in the melanin. 

These units may then be oxidised by perhydroxyl anions, which would provide 

further evidence for the mechanism shown in Figure 31. It may be possible to use IR 

studies to confirm the greater concentration of o-quinone units in the ligand-free 

systems to confirm that the mechanism of oxidation proposed by Korytowski is 

correct, at alkaline pH. 

In addition to this work, ammonia was determined to have no significant effect on 

the chemistry of soluble melanin bleaching, despite having been shown to be 

important for heterogeneous melanin bleaching compositions20. This is further 

evidence to suggest that the role of ammonia in hair bleaching is purely a physical 

one, in that it assists the diffusion of oxidants into hair fibres and helps in the 

bleaching of heterogeneous melanin. 
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Chapter 3 ɀ A comparison of monoethanolamine -based and 

ammonia -based hair bleaching systems  

 

3.1 ɀ Introduction  

 

Bleaching formulations that contain MEA show three major differences to those 

that use ammonia. The main problem is that increased damage to hair fibres is 

observed when MEA formulations are used43. The second is that MEA-based 

formulations have a lower bleaching potential than systems that use ammonia43. 

Finally, increased foaming is observed when MEA formulations are applied. It is not 

clear if this may in some way be responsible for either of the first two observations.  

Chapter 1 discusses the possible physical and chemical causes of the differences 

that are observed when MEA is used in both the bleaching formulations and the 

dyeing formulations. This chapter relates to the potential factors that could cause 

the differences observed in bleaching formulations that contain MEA. 

 

3.2 Aims 

 

The primary aim of the work that underpins this chapter was to establish whether 

or not any of the chemical factors discussed in chapter 1 might be responsible for 

differences seen in hair bleaching when ammonia is replaced with ethanolamine in 

bleaching formulations. The magnitude of these differences is also important, as it 

could indicate whether or not physical factors contribute to these variations in 

melanin bleaching and hair damage. 

As discussed on page 21, hair damage can occur as a result of protein oxidation by 

hydroxyl radicals. However, the information given in chapter 2 shows that greater 

amounts of hydroxyl radical can also result in more effective melanin bleaching. In 

order to approximate the relative amounts of hydroxyl radicals produced in 
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systems, the decomposition of hydrogen peroxide can be monitored. Additionally, a 

colorimetric probe can be used to estimate directly the relative hydroxyl radical 

amounts. 

When the base in commercial bleaching formulations is altered, the diffusion rates 

of hydrogen peroxide into hair fibres will vary, as a result of changes in hair fibre 

swelling and surface tension (discussed in chapter 1)10, 110, 175. Hair swelling and 

surface tension are affected by factors such as pH, temperature, solvent polarity 

and relative air humidity. This could affect the rate of peroxide decomposition due 

to the ions of endogenous metals. Thus, the extent of melanin bleaching that occurs 

would vary.  

Therefore, in addition to monitoring the occurrence of hydrogen peroxide 

decomposition, in solutions containing whole hair fibres, it was also decided that a 

study of various types of replica bleaching formulations to remove the problem of 

varying peroxide diffusion rates. Firstly, model aqueous formulations that were 

designed to represent the environment inside hair fibres were studied. By using 

homogeneous systems, diffusion rates of peroxide species into hair fibres are no 

longer a factor. Any differences in the rate of decomposition in these compositions 

should therefore be a direct result of changes in the chemistry, when the base is 

altered. Attempts were made to identify and to explain these changes in chemistry 

in model hair bleaching solutions, which represent the internal environment of hair 

fibres.  

The rate of bleaching in soluble melanin solutions containing MEA and ammonia 

was also directly investigated. As with the homogeneous model peroxide 

decomposition formulations, there were no problems associated with diffusion. 

Therefore, any differences in the rate of melanin bleaching would be a result of 

changes in the chemistry that arises when the base is altered. As solubilisation of 

melanin granules is a prerequisite to bleaching, heterogeneous melanin bleaching 

was also studied in order to determine whether or not the extent of solubilisation is 

affected by the change in base.  
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Peroxide decomposition was then also studied in solutions containing pulverised 

hair. This adds to the complexity of the model systems, by representing a more 

realistic environment of the hair fibre cortex. Hydrogen peroxide decomposition in 

these compositions may be affected by the presence of heterogeneous melanin and 

the presence of hair fibre keratins, which are made accessible to bleaching solutions 

by pulverisation. However, endogenous metal ions are now also readily accessible 

to the bleaching solutions. Therefore once again, the diffusion rates of the peroxide 

will not affect the rate of decomposition. Any differences in peroxide 

decomposition, in these more realistic conditions, can be attributed to changes in 

chemistry when the base is altered. Any differences between these more 

representative compositions and the homogeneous model systems will also be 

highlighted. 

By studying all these compositions, in the presence of either MEA or ammonia, it 

was hoped to identify and to explain any differences in the chemistry of hair 

bleaching. Additionally, further information may be provided on the role of base in 

hair fibre swelling and melanin solubilisation, by studying the bleaching of 

heterogeneous melanin granules. 

 

3.3 Results & Discussion  

 

3.3.1 The bleaching of whole hair fibres  

 

According to the literature, when ammonia is substituted for MEA in hair bleaching 

formulations different extents of hair damage and bleaching are observed. Up to 

85% more protein loss (damage) from hair fibres has been observed, by protein loss 

studies, for 0.82 M MEA formulations than with the equivalent NH4OH based 

formulations43. This difference in hair damage was observed for compositions 

containing 6% H2O2 that were used to bleach hair for 30 minutes at 30 °C. It is also 
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generally accepted that primary amines, such as ethanolamine, result in a lower 

bleaching potential than ammonia135. 

As discussed in chapter 1, reactive oxygen species (ROS) from the decomposition of 

hydrogen peroxide can cause hair fibre damage. Therefore, initially it was decided 

to monitor the extent of hydrogen peroxide decomposition, during the bleaching of 

whole hair fibres. It was thought that if the relative levels of ROS produced in the 

presence of either MEA or ammonia varied, this could explain the decreased levels 

of melanin bleaching in MEA systems.  

In order to indirectly determine the levels of ROS produced, the volume of oxygen 

evolved from hydrogen peroxide decomposition can be monitored, as described in 

chapters 2 and 7. Oxygen production was therefore measured for bleaching systems 

containing 400 mM base, 2.5 mg mL-1 whole hair fibres and 0.979 M H2O2 at pH 10. 

The concentrations of base and hydrogen peroxide were chosen to reflect the 

concentrations that are found in typical level 3 hair colouring formulations43. The 

base used was either MEA or ammonia to determine the effect of base on hydrogen 

peroxide decomposition. The whole hair fibres that were used were either dosed 

with copper ions (218.1 ppm Cu(II)) or only contained natural levels of copper ions 

(13.0 ppm Cu(II)). This was in order to determine whether or not the concentration 

of copper atoms present on hair fibres affects the hydrogen peroxide 

decomposition when the base is varied. 

The relative extents of hydrogen peroxide decomposition are shown in Figure 60. It 

is immediately obvious that the systems with greater concentrations of copper ions 

result in much more oxygen evolution, as is expected for Fenton-like systems. In 

addition to this, the rate of decomposition in these systems is greater when 

ammonia is used than when MEA is used. This suggests that at greater copper 

concentrations there is more extensive hydrogen peroxide decomposition in 

ammonia-containing formulations and hence more melanin bleaching could occur. 
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Figure 60: The relative rates of hydrogen peroxide decomposition due to whole hair 

fibres dosed with copper ions for the following systems: (400 mM base, 2.5 mg mL-1 

whole hair fibres and 0.979 M H2O2 at pH 10 & 20 °C) 

 

When the whole hair fibres are not dosed with added copper ions, i.e. the copper 

ion concentration is representative of typical bleaching environments; the extent of 

oxygen evolution is greater in the MEA system, suggesting more melanin bleaching 

by ROS. However, this is not the case in real formulations. Primary amines generally 

result in less hair bleaching than does ammonia. Commercial formulations tend to 

include more ingredients than just base and hydrogen peroxide. This may explain 

any differences in peroxide decomposition between these whole hair model 

bleaching solutions and commercial formulations. Components such as chelating 

ligands need to be taken into account, as this will minimise the extent of hydrogen 

peroxide decomposition that is observed. In commercial formulations, radical 

scavengers also need to be considered as they will prevent radical mediated hair 

damage. For the purposes of this study, the relative rates of hydrogen peroxide 

decomposition were monitored as an indicator for differences that may arise in the 

chemistry of model formulations when the base is changed. 
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As discussed on page 104, the diffusion of hydrogen peroxide into hair fibres occurs 

at different rates when the base is altered. This will affect the rate of its 

decomposition by endogenous metals. If any chemical reasons for differences in 

peroxide decomposition (and thus melanin bleaching) are to be identified, then 

model systems need to be developed to remove diffusion as a factor that interferes 

with the decomposition rates of the peroxide. The conditions would also need to be 

varied to investigate more complex solutions, which include chelating ligands. It was 

thus decided to monitor hydrogen peroxide decomposition in various homogeneous 

systems where the base is varied from ammonia to MEA, in order to indirectly 

observe the relative amounts of ROS that are produced by monitoring the hydrogen 

peroxide decomposition. It was considered to be important to keep the 

temperature constant at 20 °C during the reaction, as varying temperatures affect 

the rate of the decomposition. 

 

3.3.2 Hydrogen peroxide decomposition in model aqueous s ystems 

 

Aqueous model systems were setup to replicate the conditions found inside hair 

fibres during hair bleaching. The extent of hydrogen peroxide decomposition was 

therefore monitored for reactions with the general conditions, 20/400 mM base, 

(1.3 mM ligand), 0.18 mM metal salt, 0.979 M H2O2 at pH 10 & 20 °C. Components 

were added to the reaction vessel in the order that they are listed. They were mixed 

thoroughly throughout the reaction, using a stirrer hotplate. This also allowed for 

the control of the temperature at 20 °C. 

Chapter 1 states how chelating ligands are used in hair bleaching formulations in 

order to minimise the extent of hydrogen peroxide decomposition that is observed. 

Therefore, hydrogen peroxide decomposition was measured for systems that 

contain various ligands, as well as ligand-free systems, to determine whether or not 

a change in base resulted in different behaviour in any of these systems. 



Chapter 3 

109 
 

The metal ions used were either copper ions or iron ions, as these are the two most 

abundant metals in hair that can catalyse hydrogen peroxide decomposition. The 

concentrations of metal ions that are used are an approximation of the natural 

levels found in hair fibres of an Asian demographic, more specifically Japan176. 400 

mM base was used, as this is typical of the concentration used in level 3 colouring 

formulations43. However, this was varied to 20 mM to observe the effect that the 

concentration of base has on hydrogen peroxide decomposition. 

The extent of iron(III) catalysed hydrogen peroxide decomposition, after 120 

minutes can be seen Table 8. Interestingly, the presence of chelating ligands does 

not necessarily inhibit the decomposition of hydrogen peroxide. There was no 

significant change in the level of decomposition when EDTA was added to a 

composition. Furthermore, when EDDS was added, the breakdown of hydrogen 

peroxide actually accelerated.  

These changes in decomposition can be explained by a number of factors. In ligand-

free formulations, the precipitation of iron atoms at high pH leads to a 

heterogeneous system, which can result in low rates of hydrogen peroxide 

decomposition. The addition of some chelants prevents this by solubilising the 

metal ions. Additionally, it has been shown that hydrogen peroxide can still bind to 

Fe(III)-EDTA complexes, resulting in an increased rate of peroxide breakdown177. 

The increased rate of decomposition in the EDDS system can be attributed to a 

change in the redox potential of the metal complex, which increases the rate of 

Fe(III)-EDDS reduction to Fe(II)-EDDS by superoxide anions178. It is also obvious that 

there are no substantial differences in the extent of iron atom catalysed hydrogen 

peroxide decomposition, when the base is varied from ammonia to MEA. 
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Ligand 20mM MEA 20mM NH3 

None 5.0% 5.0% 

EDTA 4.5% 4.5% 

EDDS 10% 9.0% 

HEDP 1.1% 0.4% 

DTPMP 0.4% 0.7% 

Table 8: The extent of hydrogen peroxide decomposition after 2 hours for the 

general reaction, 20 mM base, (1.3 mM ligand), 0.18 mM Fe(III) and 0.979 M H2O2 

at pH 10 & 20 °C. 

Cu(II) systems were similarly studied, as Cu(II) ions are abundant in hair fibres, 

which can lead to peroxide decomposition. The extent of Cu(II)-catalysed hydrogen 

peroxide decomposition after 120 minutes of reaction is shown in Table 9. 

Generally, the greater the concentration of base the more hydrogen peroxide 

decomposition is observed, the reasoning behind this is explained in further detail 

on page 113. 

 

Ligand 20 mM MEA 20 mM NH3 400 mM MEA 400 mM NH3 

None 4.5% 4.5% 70% 100% 

EDTA 0.1% 0.06% 0.04%  

EDDS 0.1% 0.8% 2.0% 1.87% 

HEDP 8.0% 30% 40% 90% 

DTPMP 0.1% 0.05% 0.8% 0.06% 

Table 9: The extent of hydrogen peroxide decomposition after 2 hours for the 

general reaction, 20/400 mM base, (1.3 mM ligand), 0.18 mM Cu(II) and 0.979 M 

H2O2 at pH 10 & 20 °C. 
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Unlike the iron(III) compositions, major differences exist between some of the MEA 

compositions and the equivalent NH3 compositions when copper ions are used to 

catalyse a Fenton-like reaction. These compositions are highlighted in Table 9. 

When 20 mM base was used, the HEDP system was the only case where 

decomposition varied on changing the base. When the concentration of base was 

increased to 400 mM, differences became apparent in the ligand-free system, in 

addition to the HEDP one. The causes for the differences in these particular model 

systems are discussed further from page 113. 

In addition to measuring the rates of hydrogen peroxide decomposition in these 

aqueous formulations, the hydroxyl radical production was monitored for these 

systems. This enabled the direct detection of one of the ROS that is responsible for 

melanin bleaching.  

In order to observe the hydroxyl radical flux in these formulations, the colorimetric 

probe NPDPA was used, as described in chapter 2. The general reaction conditions 

used were 20 mM base, (1.3 mM ligand), 0.18 mM Cu(II), and 0.979 M H2O2 at pH 

10 & 20 °C, with the addition of 1 mM NPDPA. Iron(III) systems could not be 

monitored due to problems with the solubility of iron atoms. Additionally, when the 

concentration of base was raised to 400 mM, the electronic spectra from some 

formulations became convoluted, as discussed on page 135. 

The absorbance at 430 nm, due to the hydroxylated probe hNPDPA, was monitored 

over 2 hours to determine the relative amounts of hydroxyl radical produced over 

the course of the reaction. The rate of hydroxyl radical production is shown for 

20mM MEA-based compositions with ligands and without ligands in Figure 61. 
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Figure 61: The level of hydroxyl radical flux in bleaching systems containing 20 mM 

MEA, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 1 mM NPDPA at pH 10 & 

20 °C.  

 

As expected, for the ligand-free and the HEDP formulations, where more extensive 

hydrogen peroxide decomposition occurs, the amount of hydroxyl radicals that are 

produced is also greater. Generally, the ligand-containing systems result in 

negligible hydroxyl radical formation with the exception of the HEDP system. This is 

explained from page 119. 

It is also evident that for the HEDP-based formulation there is a decline in the 

absorbance that would be due to hydroxylated NPDPA (hNPDPA), after 20 minutes 

reaction. This is possibly due to the large concentration of hydroxyl radicals, 

resulting in the degradation of the probe. This does not appear to be a problem for 

systems that produce a small amount of the radical. 

If the strength of the hydroxyl radical flux is compared with the equivalent 20 mM 

NH3 systems (Figure 45), it can be seen that similar amounts of hydroxyl radical are 

produced. However, the HEDP system does produce substantially more hydroxyl 
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radicals when ammonia is used, though this was expected due to the much more 

extensive decomposition that occurs in such formulations (Table 9).  

Despite observing a similar extent of peroxide decomposition for the ligand-free 

systems, when 20 mM base was used, there appears to have been a greater 

hydroxyl radical flux in the MEA-based formulations. The change in the absorbance 

due to hNPDPA, over 120 minutes, is 0.25 for the ammonia-containing formulation 

and 0.51 for the MEA-containing formulation. This could be because the MEA 

influences the pathway by which hydrogen peroxide is decomposed and the system 

could produce a greater concentration of radicals as a result. This could potentially 

be a reason for the increased amount of hair damage that was observed in MEA-

containing formulations. However, a greater concentration of base and of chelating 

ligands is used in commercial formulations.  

These results give a partial overview of the appropriate peroxide decomposition 

and radical formation for various model bleaching systems. It has been shown, 

within the limited range studied, that differences only exist when strong ligands are 

not used in solutions. This mimics the situation that arises during the bleaching of 

whole hair fibres. However, it was necessary to establish in more detail why 

differences existed in the behaviour of formulations that did not contain strong 

ligands, when MEA was used as a base. The approach was designed to provide more 

evidence for the role that chemistry plays in varying bleaching potentials when the 

base is altered. 

 

3.3.3 The chemistry behind the differences observed in hydrogen peroxide 

decomposition  

 

Table 9 indicates that both the ligand-free and HEDP formulations show differences 

in behaviour when the concentration of the base is raised to 400 mM. As discussed 

on page 106, this represents a typical concentration of base found in level 3 

colouring formulations. Figure 62 shows the rate of hydrogen peroxide 
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decomposition in the ligand-free systems for reactions containing 400 mM base, 

0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C. It can be seen that for the 

ammonia-based formulation the decomposition is complete within 5 minutes, 

whereas a much lower rate of hydrogen peroxide decomposition is evident in the 

MEA formulation. The different metal complexes present in these ligand-free 

solutions can explain why this disparity exists when the base is changed. In contrast 

to the 20 mM base systems, the speciation curves in Figure 63 and Figure 64 show 

that the base becomes an important ligand when the concentration is increased to 

400 mM. 

 

 

Figure 62: The relative rates of hydrogen peroxide decomposition for the following 

compositions: (400 mM base, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 &20 °C) 
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Figure 63: The speciation plot for 400 mM NH3, 0.18 mM Cu(II) and 0.979 M H2O2 at 

pH 10. 

 

 

Figure 64: The speciation plot for 400 mM MEA, 0.18 mM Cu(II) and 0.979 M H2O2 at 

pH 10. 
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The speciation curves for the ammonia-based formulation predict that the main 

complexes present in solution at pH 10 are [Cu(NH3)4]
2+ and [Cu(NH3)3OH]+, in 

addition to a small proportion of [Cu(NH3)3]
2+. In the MEA-based formulation 

[Cu(MEA)4]
2+ and [Cu(MEA)3]

2+ become the prevalent species. This could explain the 

differences in hydrogen peroxide decomposition that were observed when the base 

was altered, as the change in ligands will alter the redox potentials of the metal 

atom centres. For example, the NH3ςbased complexes may have redox potentials 

that are in the centre of the effective redox window for the Fenton-like reaction (-

0.33 ς 0.46 V87), theoretically allowing the rapid redox cycling of the copper atoms 

between +1 and +2 oxidation states. It is important to note that redox potentials 

provide information concerning the feasibility of reactions. The rates of reaction 

cannot be deduced from redox potentials. Rates of hydrogen peroxide 

decomposition are more likely to be influenced by the ability of hydrogen peroxide 

or perhydroxyl anion to coordinate to the metal atom centre. 

When the base is changed, the redox potentials of the MEA complexes may lie 

ŎƭƻǎŜǊ ǘƻ ǘƘŜ ŜŘƎŜ ƻŦ ǘƘƛǎ ǊŜŘƻȄ άǿƛƴŘƻǿέΦ ¢Ƙƛǎ ŎƻǳƭŘ ǊŜǎǳƭǘ ƛƴ ǘƘŜ inhibition of 

either the oxidation or reduction of the metal centre, which in turn may lead to a 

decrease in the rate of the steps of peroxide decomposition shown as reactions 1-5 

on page 17, the slowest of which becomes rate-determining. Alternatively, 

hydrogen peroxide or the perhydroxyl anion may not coordinate as easily to the 

metal atom centre, when the ligand is bidentate, as is MEA, thus decreasing the 

rate at which it is broken down.  

In addition to the difference observed in the ligand-free environment, there is also a 

substantial difference in peroxide decomposition for the HEDP system, when the 

base is changed from ammonia to MEA, for mixtures that contain both 400 and 20 

mM base. For the general reaction containing 400 mM base, 1.3 mM HEDP, 0.18 

mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C, the difference in the rate of 

decomposition on altering the base can be seen in Figure 65. Similarly to the ligand-

free solutions, it is the system that contains ammonia that results in a higher rate of 

peroxide decomposition. The types of complex that are present in solution can 
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again explain this observation. The speciation plots for the HEDP systems in the 

presence of 400 mM base are shown in Figure 66 and Figure 67. 

 

 

Figure 65: The relative rates of hydrogen peroxide decomposition for the following 

systems: (400 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 

20 °C). Thanks to Kazim Naqvi for allowing the use of the ammonia data in this 

figure. 
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Figure 66: The speciation plot for 400 mM NH3, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. 

 

 

Figure 67: The speciation plot for 400 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. 
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At pH 10, the types and relative amounts of complexes that are present in both the 

MEA and ammonia solutions are similar for both the ligand-free and HEDP systems. 

This explains the similar trend in peroxide decomposition for the two systems. 

However, it does not explain why the overall rates of hydrogen peroxide 

decomposition are lower for the HEDP systems compared with the ligand-free 

systems, if the same complexes are present. This difference in rate may be due to 

the fact that HEDP is susceptible to extensive degradation under these conditions, 

as discussed on page 125. As a result oxygen could react with any organic radicals 

that are formed during this degradation, as shown in reaction 13. Oxygen 

consumption by the potential degradation of MEA is also a possibility, as outlined 

on page 132. This could lead to a reduction in the volume of oxygen that is 

measured. However, at the end of decomposition reactions volumetric titrations 

were used to determine the concentration of remaining hydrogen peroxide in 

solution (details of the titrations are shown in chapter 7). In this way it was shown 

that reaction 13 does not contribute significantly to oxygen consumption. A 

negligible oxygen consumption can be expected due to the low extents of MEA 

degradation and the relatively small concentration of HEDP compared to the 

concentration of base, as shown in Figure 75. 

 

Rω + O2 Ą R-OOω (13) 

 

Phosphate ions are known to cause the precipitation of soluble metal ions. Thus, 

the metal ions are not free to cause the metal-catalysed decomposition of hydrogen 

peroxide. A high enough concentration of phosphate ions could also lead to the 

formation of stable complexes with metal ions179, 180. It is therefore possible that 

HEDP may degrade to form phosphate ions that would prevent any resulting 

decomposition. This possibility is discussed further on page 129.  

When 20 mM base is used there is also a large difference in both the extent and 

rate of hydrogen peroxide decomposition in solutions that contain HEDP, as can be 
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seen from Figure 68. The solution that contains ammonia shows a rapid 

acceleration in the rate of decomposition for the first 20 minutes of the reaction, at 

which point no more oxygen is evolved. In contrast, the MEA system provides a 

much steadier rate of peroxide decomposition over the course of 2 hours. 

 

Figure 68: The relative rates of hydrogen peroxide decomposition for the following 

systems: (20 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 

20 °C). Thanks to Kazim Naqvi for allowing the use of the ammonia data in this 

figure. 
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Figure 69: The speciation plot for 20 mM NH3, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10.  

 

 

Figure 70: The speciation plot for 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 at pH 10. 
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It is difficult to identify why there is such a difference in the peroxide decomposition 

between the MEA and NH3 systems by simply looking at the speciation plots in 

Figure 69 and Figure 70. The ratio of CuO, [Cu(HEDP)(OH)]3- and [Cu(HEDP)]2- 

complexes is predicted to be similar in both MEA and NH3 solutions. Whilst the 

speciation curves provide a rough estimation of the complexes present, 

undiscovered complexes may exist in the system that cannot be predicted. 

Additionally, when CuO is formed, the compositions become much more complex, 

because heterogeneous materials may be capped by ligands or by base. These 

factors could potentially explain the differences observed between the 

formulations. However, it has been shown that HEDP degrades in the ammonia 

system, resulting in the formation of basic Cu(II) phosphate/carbonate 

nanoparticles170. These nanoparticles appear to inhibit peroxide decomposition, 

explaining the plateau in the rate of oxygen evolution for the ammonia-based 

composition170. There is no evidence for the formation of these nanoparticles in the 

MEA composition, which could also explain the differing rate of peroxide 

decomposition that is observed. Furthermore, when the pH of both the ammonia 

solution and the MEA solution is monitored over the course of the reaction (Figure 

71), the underlying reason for this difference in behaviour becomes clear. 

The pH of both the 20 mM MEA and the ammonia buffer solutions was recorded as 

the individual components that make up the model system were added. On the 

addition of 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 the pH decreases from 

10 to roughly 9. The pH was monitored throughout the course of the reactions. 

Figure 71 shows that there is no substantial change in the pH during the reaction in 

the presence of ammonia. However, the pH in the solution containing MEA drops 

below pH 7 after approximately 30 minutes. The reason for this pH drop is discussed 

from page 125 onwards. 

The change in pH when MEA is used may explain why there are differences in the 

rate of peroxide decomposition for the HEDP systems. As the pH decreases, the 

proportion of [Cu(HEDP)]2- and [Cu(HEDPH)]- complexes that are present in the MEA 

solutions will become greater than for the equivalent ammonia system. This change 
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in the ratio of complexes present in solution is likely to affect the level of hydrogen 

peroxide decomposition. 

 

 

Figure 71: pH profile during hydrogen peroxide decomposition for systems 

containing 20 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 

20 °C. 

 

In summary, when the base is changed in aqueous model bleaching systems, the 

major differences in hydrogen peroxide decomposition and hydroxyl radical 

production are generally due to the presence of different complexes in solution. 

This feature is observed for the ligand-free formulations, where the base is present 

at a great enough concentration to bind copper ions. Different complexes are also 

present in the HEDP system as speciation plots show that HEDP is an ineffective 

ligand at alkaline pH. Therefore, the base also plays a role in the types of complex 

that are present in this system. However, in commercial formulations strong 

chelating ligands are used, such as EDTA or EDDS. By comparing the speciation plots 
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in Figure 20 and Figure 72, it can be seen that the complexes that are formed in 

these formulations are the same regardless of whether MEA or ammonia is used. 

 

 

Figure 72: Speciation plot to show the copper complexes formed in a model hair 

system containing 400 mM MEA, 13.95 mM EDDS, 170 mM Ca2+ and 1.27 mM Cu2+60 

 

The pH decrease that is evident in solutions containing HEDP, when 20 mM MEA is 

used, also results in different complexes being formed compared with those 

developed using the ammonia-based formulations. This leads to differences in the 

extent of hydrogen peroxide decomposition. Although this concentration of base is 

not representative of bleaching formulations, it led to the investigation of the 

reason for the pH drop, as the observed chemistry may also be present in 

formulations with a greater concentration of base. Two potential causes of the pH 

drop were investigated. The first was the possibility of HEDP degradation, and the 

second was the potential oxidation of MEA. 
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3.3.4 HEDP degradation 

 

The structure of HEDP is shown in Figure 73. It is known that these phosphonates 

can degrade under Fenton-like conditions to produce carbonates and 

phosphates170, 181. It was therefore considered to be necessary to check the 

concentration of HEDP over the course of the reaction.  

 

 

Figure 73: The structure of HEDP 

 

In order to monitor the HEDP concentration initially over the course of a bleaching 

reaction, 1H NMR of HEDP in D2O was used. This should give a singlet at 

approximately 1.25 ppm, the intensity of which can be measured over the course of 

the reaction, in order to determine the change in concentration of the ligand. 

A composition containing 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II), 0.979 M H2O2 

at pH 10 & 20 °C was setup in D2O. Samples were taken at 0, 20, 60 and 120 

minutes. Catalase was added to the sample to decompose hydrogen peroxide and 

stop any further degradation of the ligand. 100 mM of dichloroacetic acid (DCA) was 

added as an internal standard. Catalase was centrifuged out of solution and a 1H 

NMR spectrum of the supernatant was acquired.  

Figure 74 shows the singlet at 1.25 ppm due to the methyl group of the HEDP, at a 

reaction time of 0 minutes. This singlet appears to be very broad due to the 

presence of Cu(II). In the presence of paramagnetic Cu(II) protons will have a 

substantially increased rate of spin-lattice relaxation via dipolar interactions182, 183. 

This peak broadening affects the integration of peak areas significantly. However, it 

is clear from the spectrum that the broad peak that was present at the beginning of 
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the reaction had completely disappeared after 120 minutes. In fact the degradation 

of HEDP was so rapid that it had completely reacted within 20 minutes, as the data 

in Figure 75 show. 

 

 

Figure 74: 1H NMR spectrum of 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 

0.979 M H2O2 for 0 minutes and for 120 minutes of reaction time.  
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Figure 75: Normalised concentration of MEA and HEDP during the reaction of 20 

mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 0,979 M H2O2. 

 

In addition to the NMR study, which shows that the HEDP completely degraded 

within the first twenty minutes of the reaction, an analysis of phosphate loadings 

during the reaction also confirmed the degradation of HEDP in a similar time frame. 

Phosphate ion analysis was carried out using a combined molybdenum reagent and 

UV-vis spectroscopy, as described in chapter 7. Using this reagent, a molybdenum-

blue complex is formed in the presence of phosphate. A typical spectrum, showing 

the absorbance at 882 nm, which forms as a result of this complex, is shown in 

Figure 76. This absorbance was used to determine the concentration of phosphate 

ions produced during the degradation of HEDP, in the presence of MEA. 
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Figure 76: UV spectrum of the molybdenum blue complex, showing the peak at 882 

nm that is used for phosphate analysis. 

 

A solution consisting of 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M 

H2O2, at pH 10, was set up and samples were taken at 0, 20, 60 and 120 minutes. 

Catalase was added to decompose the hydrogen peroxide, preventing further HEDP 

degradation. Samples were then treated with the combined molybdenum reagent. 

The absorbance at 882 nm was studied by UV-vis spectroscopy, after 15 minutes. A 

calibration curve was then used to determine the concentration of phosphate ions 

at each time point. The results are shown in Figure 77. These can be and are 

compared to the concentration of phosphate ions in the corresponding 20 mM NH3 

system, containing 1.3 mM HEDP, 0.18 mM Cu(II), 0.979 M H2O2 at pH 10 & 20 °C. 
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Figure 77: The production of phosphate, as a result of HEDP degradation, for 

formulations containing 20 mM base, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M 

H2O2 at pH 10 & 20 °C. Thanks to Kazim Naqvi for allowing the use of the ammonia 

data in this figure. 

 

If 1.3 mM HEDP fully degrades into phosphate ions with a yield of 100%, the 

expected concentration of phosphate ions produced would be 2.6 mM (246.92 

ppm). It is evident from Figure 77 that the majority of the HEDP is degraded within 

the 30 minutes of reaction commencement when MEA is used. In the ammonia-

based composition the rate at which HEDP is degraded is much greater, most of the 

HEDP having been degraded within 15 minutes. However, after 40 minutes the 

extents of phosphate production due to HEDP degradation are similar in both the 

ammonia-based composition and the MEA-based composition. However, it is only 

in the MEA system that a pH decrease is observed. Therefore, despite the 

degradation of HEDP to form phosphate ions, there must be another reason for the 

pH decrease in the MEA system when HEDP is used as a ligand. 
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When determining the concentration of HEDP during the Fenton-like reaction, by 

NMR, it was also possible to estimate the concentration of MEA over the course of 

the reaction. Figure 75 shows the fall in concentration of MEA at the same time as 

the HEDP is degraded. It was thought that degradation of the base could potentially 

cause the decline in pH that was observed in this system. 

 

3.3.5 MEA degradation  in the HEDP system 

 

MEA degradation was initially suspected due to a decrease in the intensity of ςCH2 

signals in the 1H NMR spectra, from the reaction of 20 mM MEA, 1.3 mM HEDP, 

0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C (Figure 78). 

  

 

Figure 78: 1H NMR spectra of the ςCH2
 peaks of MEA. 

 

The NMR data in Figure 75 show that approximately 30% of MEA was degraded 

under Fenton-like conditions after 2 hours. The presence of paramagnetic Cu(II) in 

A 

B 
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this reaction has an interesting effect on the shape of the triplets that correspond to 

the ςCH2 protons of MEA. At the start of the reaction, before HEDP is degraded, the 

splitting of the triplets can be clearly seen. However, by 20 minutes the peaks 

become broadened and the chemical shift changes. As mentioned on page 125, 

peak broadening occurs due to the decreased relaxation time of the protons in the 

presence of paramagnetic material. The metal also can cause a change in the 

chemical shifts of the ςCH2 peaks, possibly by shielding the proton nuclei. It is 

however unclear why these effects emerge after HEDP is degraded. The emergence 

may be due to the change of the copper ion environment after the ligand is broken 

down. In ligand-free systems, for this concentration of MEA, copper is thought to 

exist as CuO. However, this does not exclude the possibility that Cu(II) may actually 

bind to the base and cause the broadening of ςCH2 peaks. The formation of 

phosphate ions in this system also complicates matters, as they may bind to Cu(II) 

or cause precipitation of the metal, which could also affect the NMR spectra. 

Due to the effect of these paramagnetic centres, there is uncertainty over how 

reliable this quantification of MEA loss is, over the course of the reaction. 

Nevertheless, these results appear to indicate that degradation is a possibility. In 

addition to this interpretation, a singlet at approximately 8.2 ppm is present in 

these 1H NMR spectra, which suggests the production of formic acid during this 

reaction. There is evidence in the literature for the formation of several acids, 

including formic acid, due to the oxidation of MEA184, providing further evidence for 

the degradation of MEA under these conditions. The potential mechanism of formic 

acid production from the degradation of MEA by single electron oxidants is shown 

in Figure 79185, 186. 
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Figure 79: The possible mechanistic pathways of MEA degradation by single electron 

oxidants185, 186. 

 

Single electron oxidants such as the hydroxyl radical or transition metal cations may 

lead to the oxidation of MEA to form the MEA radical cation, which is then 

deprotonated and a carbon centred radical may result. This can then react with 

oxygen to form the peroxyl radical, which can abstract a hydrogen atom from 

another molecule of MEA to yield the aminoperoxide. Loss of hydrogen peroxide 

then affords the imine. Hydrolysis of the imine by water, followed by the loss of 

ammonia, leads to the formation of hydroxyacetaldehyde, the oxidation of which 

gives glyoxal. Alternatively, radical mediated oxidative fragmentation of the imine 

may occur, resulting in the production of ammonia and formaldehyde, which can be 

further oxidised to formic acid187. 

CurTiPot software can be used to predict the pH of mixtures and to simulate 

titrations, using concentrations and pKa values of the components188. This approach 

was used in order to determine whether or not the combined degradation of MEA 

and HEDP could account for the pH drop observed in a system initially containing 20 

mM MEA, 1.3 mM HEDP, 0.18 mM Cu(II) and 0.979 M H2O2 at 20 °C  
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During this reaction, HEDP has been shown to degrade completely to produce 

phosphate species. It is worth noting that the organic fragment of the molecule may 

potentially lead to the production of acetic acid, although this organic material 

could also be consumed during the formation of secondary MEA oxidation products. 

Therefore, it is difficult to say with certainty whether or not there is a net 

production of acetic acid due to HEDP degradation. The oxidation of MEA, 

generating formic acid, is also a possibility. However, other acids may also be 

produced as a result of degradation. Taking all of this into account, CurTiPot was 

used to match the final pH of the reaction solution (6.72) to that of a theoretical 

solution containing 8.83 mM MEA, 4.21 mM acetic acid (used to buffer MEA to pH 

10), 0.18 mM Cu(II), 2.26 mM phosphate and 1.4 mM formic acid. These conditions 

assume that 30% of MEA has been degraded over the course of 2 hours, to produce 

1.4 mM formic acid (the real concentration of MEA at the beginning of the reaction 

was determined to be 12.615 mM, after the base was buffered to pH 10 with acetic 

acid and other reactants were added to the solution). It is also assumed that 100% 

HEDP degrades to give 2.6 mM phosphate and no additional acetic acid. 

Additionally, a simulated titration curve of this theoretical final solution against 30 

mM HCl can be matched closely to an experimental titration, as shown in Figure 80. 
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Figure 80: The experimental titrations and the predicted titrations of a 20 mL 

solution of 8.83 mM MEA, 4.21 mM acetic acid, 0.18 mM Cu(II) and 2.26 mM 

phosphate and 1.4 mM formic acid against 30 mM HCl, as well as the equivalence 

points of the titrations. 

 

It can be seen that there is a good fit between the predicted and the experimental 

titration curves when it is assumed 1.4 mM formic acid is produced as a result of 

30% MEA degradation. An exact match of these predicted and experimental curves 

is not seen because other acids, such as nitrous, oxalic and acetic acid that may be 

produced from MEA oxidation, have not been quantified under these experimental 

conditions.  

In summary, it seems likely that the major reasons for the pH drop in the HEDP 

system is the complete degradation of HEDP to form phosphate ions, as well as the 

partial degradation of MEA to form formic acid. This would explain why the same 

drop in pH is not observed in systems that contain ammonia (Figure 71) or in 

systems that do not contain HEDP (Figure 81).  
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Figure 81: The pH profile during hydrogen peroxide decomposition for systems 

containing 20 mM MEA, (1.3 mM ligand), 0.18 mM Cu(II) and 0.979 M H2O2 at 20 °C. 

 

To conclude, MEA degradation and HEDP degradation result in a significant 

decrease in the pH, affecting hydrogen peroxide decomposition. However, for 

bleaching systems that use other ligands, hydrogen peroxide decomposition is not 

affected by the same phenomenon. Additionally, as most bleaching systems contain 

at least 400 mM base they will have a much greater buffering capacity than the 20 

mM compositions. Degradation of MEA would therefore not be expected to 

contribute to a similar pH drop for these systems. However, by varying the 

conditions of MEA oxidation, the formation of different products becomes possible.  

 

3.3.6 MEA degradation in the ligand -free formulations  

 

The formation of an unknown product, potentially due to MEA degradation, was 

observed over the course of a reaction composition containing 400 mM MEA, 0.18 

mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C. This was indicated by an increasing 
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absorbance at 365 nm, during the spectrophotometric detection of hydroxyl radical, 

described on page 111. This increasing absorbance, shown in Figure 82, led to the 

investigation of MEA degradation under these conditions.  

 

 

Figure 82: The increasing absorbance at 365 nm observed during the reaction of 400 

mM MEA, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C.  

 

Due to the complexity of the NMR spectra and the presence of paramagnetic Cu(II), 

which further convolutes NMR spectra, it was decided to investigate the formation 

of any potential products of MEA degradation by gas chromatography (GC). 

A mixture containing 400 mM MEA, 0.18 mM Cu(II) and 0.979 M H2O2 was reacted 

for 120 minutes. The reaction was stopped after 120 minutes, using catalase. 

Glycerol was added to the sample as an internal standard and the catalase was 

centrifuged out. The supernatant was injected for GC analysis using the method 

described in chapter 7. The chromatogram obtained is shown in Figure 83. 
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Figure 83: Chromatogram of a solution of 400 mM MEA, 0.18 mM Cu(II), 0.979 M 

H2O2. 

 

Retention time Peak identity 

0.940 Methanol 

1.153 Acetic acid 

1.710 MEA 

4.350 Glycerol 

6.022 Unknown 

Table 10: Retention times and peak identities for the chromatogram shown in Figure 

83. 

 

All the peaks depicted in Figure 83 were identified by their retention time, except 

for the peak at 6.022 minutes. In order to identify this peak, GC-EI was used to 
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obtain a mass spectrum of the compound. The acquired mass spectrum is shown in 

Figure 84. 

 

 

Figure 84: Mass spectrum (EI) of the peak at 6.022 minutes 

 

A molecular ion peak is evident at 112.0621, which suggests the compound has a 

molecular formula of C5H8N2O. This could correspond to the structure shown in 

Figure 85. This compound, N-(2-hydroxyethyl) imidazole (HEI), is also suggested as a 

product of MEA degradation in the literature189.  

 

 

Figure 85: The proposed structure of the peak at 6.022 minutes in Figure 83. 

 

The formation of HEI can potentially occur by the mechanism shown in Figure 86184, 

186, 189. Initially, MEA is broken down into glyoxal, formaldehyde and ammonia by 

the mechanism given in Figure 79. MEA can then react with formaldehyde and, with 
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the loss of water, form 2-hydroxyethylisocyanide. Alongside this, the reaction of 

ammonia with glyoxal forms 2-iminoacetaldehyde, after the loss of water. 

Cyclisation of 2-hydroxyethylisocyanide and 2-iminoacetaldehyde then affords HEI, 

with the loss of a proton to ammonia. 

 

 

Figure 86: The possible mechanism of HEI formation184, 186, 189. 

 

HEI appears to be the major product of MEA degradation in solutions containing 

400 mM MEA, 0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C. Although no 

other products are detected by GC or GC-MS, this does not rule out the possibility 

of the formation of multiple products of MEA degradation.  

Using GC, the extent of MEA degradation during this reaction could be estimated. 

The degree of degradation is shown in Figure 87. During the first 30 minutes of 

reaction the rate of MEA oxidation is relatively high, due to the high concentration 

of hydrogen peroxide, which decomposes quickly to give hydroxyl radicals. At this 

point, degradation levels off, possibly due to the falling concentration of hydrogen 

peroxide. The chromatogram also shows that the rate of HEI production increases 

at roughly 30 minutes. This suggests that it is possible that the remaining hydrogen 

peroxide is consumed during the oxidation of intermediates to form HEI, rather 

than oxidising more MEA. This could account for the levelling off of MEA 

degradation at this point.  
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Interestingly, Figure 82 also shows that the absorbance due to the suspected 

product of MEA degradation increases rapidly at 30 minutes, suggesting this 

absorbance might be due to HEI. Although it appears that MEA is reformed after 30 

minutes, it is likely that this effect is due to experimental error. Overall, it can be 

seen that approximately 25% of MEA is oxidised over the course of the reaction (a 

similar level of degradation to that observed in the HEDP system). This leaves a 

substantial amount of MEA present in solution. As a result, a significant pH drop is 

not evident during this reaction. The decomposition of hydrogen peroxide is 

therefore unlikely to be affected by the degradation of MEA. 

 

 

Figure 87: The rate of degradation of MEA in a solution containing 400 mM MEA, 

0.18 mM Cu(II) and 0.979 M H2O2 at pH 10 & 20 °C. 

 

The exact conditions of the reaction will play some role in the extent of MEA 

degradation that occurs and in the products that form as a result. Thus different 

model bleaching systems may result in the formation of different products of MEA 

degradation, as has been observed by this work.  
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The formation of HEI and formic acid in these model bleaching systems implies that 

radical mediated oxidation of MEA may occur, resulting in carbon-centred radicals. 

Such radical species are longer lived than the hydroxyl radical and may contribute to 

increased amounts of hair fibre damage when they are produced in bleaching 

formulations, as observed in a previous study43.  

In summary, differences in hydrogen peroxide decomposition were identified for 

aqueous ligand-free compositions and HEDP model bleaching compositions. The 

major reason for these differences has been determined to be the presence of 

different metal complexes in solution when the base is varied. In the ligand-free 

composition, this was due to the chelation of the different bases to the metal atom 

centre, whilst for the HEDP system it was because of a pH drop, as a result of the 

degradation of MEA and HEDP. 

For formulations that contain ligands such as EDTA or EDDS, which are commonly 

used in bleaching formulations, no major differences in chemistry were found when 

the base was altered. This indicates that the main reason for the observed decrease 

in hair bleaching when MEA formulations are used is likely to be due to be the result 

of a physical factor, such as diffusion of hydrogen peroxide into the hair cortex. In 

order to confirm this, the rate of soluble melanin bleaching was directly studied in 

MEA solutions and the results compared with those arising from the use of 

solutions containing ammonia.  

 

3.3.7 The effect of MEA on soluble melanin bleaching  

 

Homogeneous melanin bleaching systems, containing Sepia MFA, were studied 

using UV-vis spectroscopy, in order to confirm that no chemical reasons exist for the 

differences observed in hair bleaching when MEA formulations are used. When pre-

solubilised melanin is used, differing rates of melanin solubilisation will not affect 

the rate of melanin bleaching when the base is changed. By avoiding the use of hair, 

the rate of melanin oxidation will not be affected by varying diffusion rates of 



Chapter 3 

142 
 

oxidants into hair fibres, when the base is changed175. Therefore, any differences in 

bleaching that may be observed between solutions containing MEA and those 

containing ammonia can be attributed to changes in chemistry. However, based on 

the extent of peroxide decomposition that was observed in the model systems 

(Page 110), HEDP and ligand-free systems are the only cases where a variation of 

melanin bleaching may be expected. 

Using the method discussed in chapter 2, UV-vis spectroscopy was employed to 

monitor the decrease in the broadband absorbance due to the presence of melanin 

during bleaching reactions. In this way, the rates of melanin bleaching in MEA 

systems was observed and the results compared to data that were collected for the 

equivalent NH3 systems, chapter 2. 

Bleaching solutions containing 20 mM MEA, (1.3 mM ligand), 0.18 mM Cu(II) and 

0.979 M H2O2, at pH 10 & 20 °C were prepared. The decrease in absorbance at 532 

nm indicates the rate of bleaching over the course of 2 hours at 20 °C, shown in 

Figure 88. 
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Figure 88: Graph to show the rate of melanin bleaching in the following systems: 20 

mM MEA or 20 mM ammonia, (1.3 mM ligand), 0.18 mM Cu(II), 0.979 M H2O2 and 

0.06 mg mL-1 Sepia MFA at pH 10 & 20 °C. 

 

The rates of melanin bleaching in these MEA-based formulations are comparable 

with those of the NH3 compositions, which contained equivalent concentrations of 

reagents, shown in Figure 46. As with the ammonia-based formulations, a relatively 

high rate of bleaching is observed in the HEDP and in the ligand-free systems (Group 

2) compared with the systems that contain strong ligands (Group 1) (See chapter 2). 

As expected, there is some disparity between group 2 formulations when the base 

is changed, due to the different rates of hydrogen peroxide decomposition in HEDP 

and ligand-free systems, when MEA is used. There is also no increase in absorbance 

after 20 minutes, in the MEA system containing HEDP. The copper nanoparticle 

formation, observed in the ammonia system, does not occur when MEA is used. 

The EDTA, EDDS and DTPMP-containing formulations show relatively low levels of 

bleaching due to the lower concentration of hydroxyl radical that become available. 

This is explained in more detail in chapter 2. The reality that the rates of melanin 
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oxidation are the same in these homogeneous bleaching solutions, regardless of the 

base used, confirms that the differences observed in hair bleaching formulations 

are due to physical factors. 

It is possible in heterogeneous bleaching systems that the base plays a role in 

disrupting hydrogen bonding within the melanin, assisting the solubilisation of 

melanin and allowing faster bleaching. Additionally, the base could assist with the 

diffusion of oxidants into the hair fibre, by changing the extent to which hair fibres 

swell. By changing the base, these processes could be affected and the extent of 

melanin bleaching that occurs could vary. A quick visual assessment of the level of 

bleaching in heterogeneous melanin bleaching systems could be used in attempts 

to identify whether or not the base affects the rate of this process. 

Figure 89 shows two bleaching solutions containing 400 mM base, 2.5 mg mL-1 

Sepia melanin from cuttlefish ink & 1.63 M H2O2, at pH 10 & 20 °C before and after 

12 hours of continuous mixing. Sample (a) contained NH3 whilst sample (b) 

contained MEA. The difference in colour after 12 hours is represented by samples 

(c) & (d), for the ammonia and the MEA systems respectively. There appears to be 

no visual difference between the samples, indicating that the base does not affect 

the extent to which heterogeneous melanin is bleached. 

 

 

Figure 89: Heterogeneous melanin bleaching for systems containing 400 mM base, 

2.5 mg mL-1 Sepia melanin & 1.63 M H2O2 at pH 10 & 20 °C. (a) ammonia, 0 h, (b) 

MEA, 0 h, (c) ammonia, 12 h & (d) MEA, 12 h. 

 

(d

) 

(c) (b

) 

(a
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This observation suggests that on changing the base, any differences observed in 

melanin bleaching are more likely to be due to a change in diffusion rates of 

oxidants into hair fibres. This probably occurs because hair fibres are swollen to 

varying extents when the base is switched. However, as hair fibre swelling was not 

studied directly, there is a considerable possibility that other unforeseen physical 

factors may result in differing extents of melanin bleaching. 

The results obtained from studying homogeneous model solutions show that there 

are no chemical reasons for the disparity observed in melanin bleaching systems, 

when MEA is used as a replacement for ammonia. In order to confirm that the 

results are applicable to real bleaching systems containing hair, hydrogen peroxide 

decomposition was studied for heterogeneous bleaching systems that contain 

pulverised hair fibres.  

 

3.3.8 Hydrogen peroxide decomposition in solutions containing 

pulverised hair fibres  

 

Hydrogen peroxide decomposition in the presence of pulverised hair fibres was 

studied, in order to confirm that chemical factors are not responsible for the 

differences observed in bleaching formulations, when the base is altered. By using 

pulverised hair fibres in bleaching solutions, it was thought that varying diffusion 

rates of hydrogen peroxide into hair fibres would not affect the rate of its 

decomposition to the same extent as they would for whole hair fibres. However, a 

more realistic bleaching environment is provided. It is evident from SEM images 

(not included) that cortex fibres become exposed during the process of hair 

pulverisation190. Therefore, endogenous metal ions such as copper ions and iron 

ions, as well as a variety of keratinous proteins and melanin become accessible to 

the bulk bleaching solution. These bleaching systems therefore mimic the 

environment found within the hair cortex. It was of interest to see the effect of 

changing the base on the rate of peroxide decomposition for these compositions 

that were more realistic than the aqueous model formulations. It was thought that 
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the keratinous proteins or melanin inside the hair cortex may bind metals in some 

of these solutions, which may affect the chemistry of bleaching. 

Initially, solutions containing 400 mM base, 1.3 mM EDTA, 2.5 mg mL-1 pulverised 

hair and 0.979 M H2O2 at pH 10 & 20 °C (where the base is either MEA or NH3), 

were compared to observe the effect of changing the base on peroxide 

decomposition. It was seen that negligible hydrogen peroxide decomposition 

occurred in both systems over the course of 120 minutes. This is consistent with the 

aqueous model systems, which also show low levels of peroxide decomposition, 

indicating that melanin and proteins do not compete significantly for metals in the 

presence of strong chelating ligands. These results confirm that peroxide 

decomposition is not affected in bleaching formulations containing strong ligands, 

such as EDTA, when the base is altered. This shows that physical factors remain the 

most likely causes of differences in melanin bleaching.  

Decomposition of the peroxide species by pulverised hair fibres was also studied for 

ligand-free systems. There is a circumstantial theory that ligands cannot diffuse into 

hair fibres. As such it is possible that an environment similar to the ligand-free 

model system could exist inside the hair fibre. Therefore, it would be of interest to 

establish the effect of changing the base on hydrogen peroxide decomposition for 

such a system.  

Oxygen evolution was monitored for solutions containing 400 mM base, 2.5 mg mL-1 

of pulverised hair fibres and 0.979 M H2O2 at pH 10 & 20 °C. Pulverised hair was 

used that contained natural levels of copper ions (13.0 ppm), as well as hair that 

was dosed with extra copper ions (218.1 ppm), in order to observe the effect of the 

copper concentration on the decomposition of peroxide species. Comparisons of 

the rates of decomposition in systems, where MEA and NH3 were used as the base, 

are shown in Figure 90. 
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Figure 90: The effect of changing the base on hydrogen peroxide decomposition for 

systems containing 400 mM base, 2.5 mg mL-1 pulverised hair and 0.979 M H2O2 at 

pH 10 & 20 °C. 

 

For pulverised hair that was not dosed with additional copper ions, it can be seen 

that there is almost 10% more oxygen evolution in the MEA-based system when 

compared with the corresponding ammonia-based system. This does not represent 

the results for homogeneous model solutions, which demonstrate much greater 

peroxide decomposition for the ammonia-based systems. Due to the presence of 

keratinous proteins and melanin, which can bind metal ions in the absence of 

chelating ligands, it is difficult to stipulate exactly what causes the change in 

reactivity. It could be due to proteins within the hair binding some of the metal 

ions, whilst others remain bound to the base itself. This would lead to varying types 

and quantities of base-metal complexes in solution and could account for the 

differences that were observed. 

When copper ion dosed pulverised hair was used, solutions that contain ammonia 

exhibited a greater rate of hydrogen peroxide decomposition. This is a similar 
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pattern to that with the homogeneous model systems (Figure 62) and to that with 

the whole hair-based compositions. Despite the greater copper ion concentration in 

the pulverised hair, the extent of decomposition is much less. It is also less than the 

amounts observed for the whole hair bleaching systems (Figure 60). This indicates 

that species in pulverised hair binds the copper ions and inhibits peroxide 

decomposition as a result. As discussed in chapter 2, melanin can bind metal ions. 

The resulting complexes affect hydrogen peroxide decomposition in varying ways, 

dependent on the type, concentration and oxidation state of the metal ion that is 

bound46, 158. However, it appears from Figure 43 that melanin-copper complexes do 

not inhibit the breakdown of hydrogen peroxide. They may actually accelerate the 

process. Keratin proteins are also potential chelants of these metals, and are more 

abundant in hair fibres than is melanin. Wool keratin-metal complexes have also 

been shown to slow down the breakdown of hydrogen peroxide191. This suggests 

that the inhibition of peroxide decomposition by pulverised hair fibres is more likely 

to be due to the sequestration of metals by keratin rather than by melanin. Due to 

the complex nature of these systems it is hard to prove this, as there may be other 

unforeseen factors involved.  

As mentioned on page 105, pulverising hair fibres allows components within the 

hair, such as keratins and melanin, to become accessible to the bleaching solution. 

Ordinarily these components that make up the cortex are not immediately 

accessible to the bulk formulation. However, if the user has badly damaged hair or 

split ends, then the cortex is exposed to the formulation192. Thus, it was of interest 

to know the effect that these components have on hydrogen peroxide 

decomposition. 

In order to confirm that one or more of these exposed components could inhibit 

hydrogen peroxide decomposition in bleaching systems, pulverised fibres were 

added to compositions containing whole hair, as well as model homogeneous 

solutions. A lower rate of oxygen evolution in systems containing pulverised hair 

would suggest that species within hair fibres could sequester redox metal ions. 

Therefore, to a solution containing 400 mM NH3, 2.5 mg mL-1 of whole hair fibres 

(13.0 ppm Cu(II)) and 0.979 M H2O2 at pH 10 & 20 °C, was added 1.25 mg mL-1 of 
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pulverised hair fibres (13.0 ppm Cu(II)). The inhibition of hydrogen peroxide 

decomposition by pulverised hair is evident from the results shown in Figure 91. 

 

 

Figure 91: The effect of pulverised and whole hair fibres on hydrogen peroxide 

decomposition for systems containing 400 mM NH3, 2.5 mg mL-1 hair and 0.979 M 

H2O2 at pH 10 & 20 °C. 

 

It can be seen that the rate and extent of hydrogen peroxide decomposition that 

was observed in whole hair bleaching systems is lowered substantially on the 

addition of 1.25 mg mL-1 pulverised hair. In fact the rate of decomposition is 

identical to a system containing only 2.5 mg mL-1 pulverised hair. This perhaps 

shows that the metal binding agent in the hair is present in excess, resulting in the 

formation of similar amounts of metal-complex regardless of the amount of 

ǇǳƭǾŜǊƛǎŜŘ ƘŀƛǊ ǳǎŜŘ ƛƴ ǘƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘǎΦ 5ǳǊƛƴƎ ΨǊŜŀƭΩ ƘŀƛǊ ŎƻƭƻǳǊƛƴƎ processes it is 

possible that if hair becomes damaged during treatment, the cortex can become 

exposed to the bleaching formulation. Thus, further hydrogen peroxide 

decomposition would be prevented, in a similar manner to the inhibition by 
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pulverised hair shown in Figure 91. In this way the hair would effectively prevent 

further damage to itself. However, this factor is outweighed by the fact that 

effective commercial formulations contain ligands that bind to any metal ions in the 

first instance, preventing hydrogen peroxide decomposition and thus hair fibre 

damage. 

Furthermore, the inhibition of peroxide decomposition by pulverised hair is evident 

from the data in Figure 92. The addition of 2.5 mg mL-1 pulverised hair (13.0 ppm 

Cu(II)) to a solution containing 400 mM NH3, 0.02 mM Cu(II) and 0.979 M H2O2 at pH 

10 & 20 °C results in a much lower rate of peroxide decomposition when compared 

with the equivalent system without the addition of any hair. A lower concentration 

of copper ions had to be used for this set of experiments, as the rate of peroxide 

decomposition is too fast in these ligand-free systems to obtain reliable results 

when a 0.18 mM copper ions solution was used. 

  

 

Figure 92: The effect of pulverised hair on the decomposition of hydrogen peroxide 

for systems containing 400 mM NH3, (n) mM Cu(II), 0.979 M H2O2 and (2.5 mg mL-1 

pulverised hair) at pH 10 & 20 °C. 
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These results show that the extent of peroxide decomposition is generally lower for 

pulverised hair systems than for the equivalent homogeneous compositions and 

whole hair systems. This could be due to accessible keratinous proteins 

sequestering the redox active metal ions. For whole hair fibres, these proteins are 

trapped within the cortex of the fibre and so do not effect decomposition to the 

same extent. 

For the ligand-free systems, differences were observed in peroxide decomposition 

when the base was changed from ammonia to MEA. This could again be due to the 

binding of metal ions by keratin. However, when EDTA was used there was found to 

be negligible peroxide decomposition, regardless of the base that was used. As 

most commercial hair bleaching formulations contain ligands such as EDTA, the 

latter experiment seems to confirm that any major differences in hair damage or 

melanin bleaching are not caused by changes in chemistry, for the conditions 

studied. However, as discussed in chapter 1, a wide range of conditions are used for 

different hair treatments. The temperature of colouring processes and the 

concentrations of the reagents are all variable. This could result in situations where 

the chemistry changes. 
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3.4 Conclusions 

 

The aim of the research that is represented in this chapter was to establish reasons 

for the observed differences in hair bleaching systems, when MEA was used as a 

base in formulations as a replacement for ammonia. This was investigated primarily 

by measuring the extent of hydrogen peroxide decomposition and of hydroxyl 

radical production during the bleaching of whole and pulverised hair fibres, as well 

as for aqueous model systems. 

During the bleaching of whole hair fibres, the peroxide decomposition was found to 

be greater in MEA systems, if the hair contained natural amounts of copper ions. 

However, when the hair fibres are treated with extra copper ions, it is in the 

ammonia-based formulations that more hydrogen peroxide decomposition occurs. 

This led to the investigation of model aqueous compositions to help in explaining 

why this was the case.  

Hydrogen peroxide decomposition and hydroxyl radical production were monitored 

for various controlled homogeneous model bleaching solutions. Differences were 

observed for the ligand-free compositions and for the HEDP formulations. This was 

mainly due to the presence of different metal complexes in solution when the base 

was changed. For the 20 mM MEA system, which contained HEDP, a pH drop was 

responsible for the presence of different types of metal complex. This pH drop 

resulted from both HEDP degradation to form phosphate ions and MEA degradation 

to form acidic products. There was some evidence to suggest that formic acid is one 

of the major acids that is produced as a result of MEA degradation under these 

conditions. 

MEA degradation was also observed when the conditions were changed to those of 

400 mM MEA, ligand-free compositions. The main product of degradation in this 

case was thought to be HEI. However, the conditions of the reaction probably play a 

role in the final product(s) of MEA degradation, as it has been seen that the MEA : 

oxygen ratio determines which products of degradation form185. Therefore, if 

solutions contain chelating ligands, which inhibit the decomposition of hydrogen 
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peroxide, the formation of different products is possible. Different colouring 

formulations contain different concentrations of base, depending on their intended 

use. This will also affect the MEA : oxygen ratio and thus the types of degradation 

product that are observed. Different degradation products may also form 

depending on the temperature of the treatment. During this study the temperature 

was kept constant at 20 °C. However, in the salon where higher temperatures are 

used, the products of MEA degradation may vary. It is also worth noting that during 

the investigations in this thesis, compositions were stirred constantly during 

reactions. This is not a representation of the hair colouring process, where solutions 

cannot be mixed thoroughly on the scalp. This fact, coupled with the diffusion of 

hydrogen peroxide into hair fibres, will result in varying concentrations of hydrogen 

peroxide throughout the hair fibre. Thus, there is the potential for a wide variety of 

MEA degradation products to form during salon treatments. 

Formic acid has been shown to cause foaming in air-sparged solutions containing 

amines193. Therefore, the degradation of MEA to produce formic acid may explain 

why foaming is observed in formulations that contain MEA. Foam is defined as a 

liquid phase that has a gas dispersed throughout it. Foaming is a physical factor 

dependent on the surface tension of the liquid-vapour interface. Therefore, the 

extent of foaming that occurs is dependent on the temperature of compositions 

and the concentration of MEA in the formulation. Anti-foaming agents, such as 

silicone polymers, can be used in formulations where excessive foaming is 

observed194. 

The suggested mechanism of MEA degradation, to form formic acid and HEI, 

involves the formation of carbon centred radicals, which would react with the 

proteins in hair fibres and lead to damage in MEA systems.  

Despite the differences observed in ligand-free formulations and HEDP 

compositions, when the base was changed, peroxide decomposition did not vary 

when ligands such as EDTA or EDDS were used. The model formulations that 

contained these ligands are more representative of commercial bleaching 

formulations, as the concentrations of the base, ligand, metal ions and hydrogen 
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peroxide were chosen to mimic the conditions used to colour hair. As the 

temperature studied was 20 °C these compositions would be more comparable to 

home use colouring kits than salon treatments, where higher temperatures are 

often used to accelerate the colouring process. It should also be noted that the 

mixing of these model compositions was much more thorough than can be achieved 

by formulations that are applied to the scalp. Nevertheless, it can be inferred from 

the data in this chapter that differences observed in melanin bleaching, when the 

base is changed in commercial formulations, are unlikely to be due to any chemical 

factors that result in a change to the extent of hydrogen peroxide decomposition 

that occurs. Alternative causes for these differences that could be investigated are 

physical phenomena, such as changes to the extent of hair swelling and melanin 

solubilisation. 

Homogeneous melanin bleaching formulations were studied and similar levels of 

bleaching were observed regardless of the base used. This confirmed the 

observations drawn from the majority of aqueous model systems, where peroxide 

decomposition is unchanged on altering the base. Solubilisation of heterogeneous 

melanin is usually a prerequisite for bleaching to occur at a higher rate. Replacing 

ammonia with MEA does not appear to affect this process, based on the visual 

appearance of heterogeneous melanin bleaching formulations (although more 

quantitative data is needed to confirm this). This suggests that varying rates of 

hydrogen peroxide diffusion into hair fibres are the main cause of differing 

bleaching extents when MEA is used in formulations. Access is likely to be affected 

by changes to the extent of hair fibre swelling, when the base is altered. This would 

lead to varying concentrations of hydrogen peroxide present in the cortex. Thus, the 

rate or extent of bleaching that occurs over comparable time periods would be 

affected. 

A similar trend to the whole hair systems was evident when the effect of pulverised 

hair on hydrogen peroxide decomposition was studied for ligand-free systems. 

When hair contains copper atom amounts that are equivalent to the levels typically 

found in Asian countries, such as Japan (13.0 ppm samples)176, solutions that 

contain MEA exhibit more peroxide decomposition than ammonia systems. 
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However, when the copper atom amount is increased to levels that are more 

representative of the Americas (218.1 ppm)176, it is the ammonia-based 

compositions that result in more peroxide decomposition. This could be due to the 

formation of more copper-ammonia complexes at greater copper ion 

concentrations. These copper-ammonia complexes have been shown to be more 

effective at decomposing hydrogen peroxide than MEA complexes. Pulverised hairs 

have been shown to decrease the rate of peroxide decomposition, when compared 

with whole hair fibres or homogenous systems. When hair is pulverised, melanin 

and a variety of keratinous proteins become accessible to metal ions in the 

bleaching solutions, which can potentially bind redox metals. The possible 

formation of keratin-metal complexes could explain the observed behaviour, as it 

can be seen from the literature that these complexes can inhibit hydrogen peroxide 

decomposition191. These whole hair compositions and pulverised hair compositions 

are similar to commercial formulations in terms of the concentrations of base, 

metal ions and hydrogen peroxide used. However, differences in hydrogen peroxide 

decomposition were only evident for ligand-free formulations when the base was 

changed. Therefore, the differences that were observed above will not necessarily 

be observed in commercial formulations. 

The extent to which metal atoms bind to keratin is controlled by various factors and 

can be determined approximately. However any remaining metal ions that are not 

bound to keratin or melanin are free to form complexes with the base. The 

convoluted nature of metal atom binding in hair fibres could explain the differences 

observed in peroxide decomposition when the base is varied. However, for 

pulverised hair bleaching formulations that contain EDTA, negligible peroxide 

decomposition was observed in both MEA-based formulations and NH3-based 

formulations. This again suggests that the differences in melanin bleaching, 

observed when MEA formulations are used, are initially due to physical factors, 

such as lower rates of oxidant diffusion into hair fibres, as a result of less hair fibre 

swelling. This change in diffusion would result in varying concentrations of 

hydrogen peroxide in the hair cortex, leading to a chemical reason for the change in 

the extent of bleaching that is observed.  
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Chapter 4 ɀ The Mechanism of Hair Dye Primary Oxidation in 

Hair Fibres  

 

4.1 Introduction  

 

4.1.1 The mechanism of hair dye formation  

 

The formation of dimeric and trimeric indamine dyes or indophenol dyes is the main 

reaction associated with the production of permanent hair dyes on human hair. It is 

known that the formation of such dyes is initially triggered by the oxidation of 

aromatic amines, such as p-phenylenediamine, to form reactive imine 

intermediates in the rate-determining step, as shown in Figure 933, 195, 196: 

 

 

Figure 93: Oxidation of the aromatic amine PPD to QDI 

 

This oxidation can occur in the presence of either redox active metal ions or redox 

active organic compounds197, 198, as well as O2 that comes into contact with such 

aromatic amines199. The imine generated may then be subject to protonation 

although, as the conjugate acid (QDI+) has a pKa of 5.75, the proportion present at 

the alkaline pH required for hair colouring is in the minority3. This step is followed 

by rapid coupling to specific meta- substituted aromatics, such as 3-aminophenol or 

4-amino-2-hydroxytoluene. Further oxidation to generate indophenol or indamine 
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dye molecules that are responsible for the colour may then occur, as shown in the 

mechanism in Figure 943, 196: 

 

 

Figure 94: Mechanism to show the coupling of AHT to QDI to form indamine dye 

molecules 

 

4.1.2 The chemistry behind the formation of dyes during hair colouring  

 

For the application of permanent hair dyes, the oxidation of precursors in the 

dyeing solution is initially a problem due to large quantities of metal ions such as 

Cu(II) and Fe(III) that are present in water used to wash hair47, 200. The metal ions 

bind to the surface of the hair and can catalyse the formation of hair dyes, outside 

the fibre. This is undesirable for the use as permanent hair dyes, as dyes that form 

outside hair fibres are easily washed out and the chosen colour will not be retained. 

In order to prevent the premature oxidation of precursors, ligands such as EDTA can 

be used50. This effectively alters the redox potential of the metal atom centre and 

prevents metal-catalysed hydrogen peroxide decomposition and the initial 

oxidation of the aromatic amine from occurring before it has diffused into the hair 

fibre201. 
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One theory is that the charge density on ligands such as EDTA is too high for them 

to diffuse into the hair fibres, while the dye precursors themselves are able to 

diffuse into the cortex of the fibre (Figure 2). It is here where the precursors can be 

oxidised by endogeneous metal ions47, 202 or potentially by redox active organic 

molecules within the hair fibre, to form permanent dye molecules inside the hair 

that cannot be washed or rinsed out in normal washing procedures.  

Multiple literature citations suggest that it is the alkaline hydrogen peroxide that is 

responsible for the oxidation of dye precursors within the hair fibre4, 122, 203. 

Alternatively, Corbett suggests that molecular oxygen, formed during the 

decomposition of hydrogen peroxide within the hair fibre, could be responsible for 

precursor oxidation3, 196. However, it remains unclear what exactly is responsible for 

dye formation inside hair. Whilst working with aqueous dye formulations, it became 

apparent that the enzyme catalase might have a role to play in dye formation.  
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4.2 The effect of catalase on dye reagent coupling in aqueous 

systems to form dyes  

 

Chapter 5 of this thesis describes the quantification of dye molecules formed in 

aqueous solutions by HPLC. To achieve this, samples were taken at time points 

during dye formation. As the HPLC analysis takes a substantial amount of time, it 

was thought to be desirable to prevent further dye formation or degradation once 

these samples have been taken. Catalase was used consistently throughout this 

project in order to decompose remaining hydrogen peroxide at the end point of 

Fenton and Fenton-like reactions. By decomposing the hydrogen peroxide it was 

thought that the main oxidant responsible for subsequent dye formation could be 

removed and the reaction may stop. This would enable the quantification of dye 

molecules at multiple time points throughout the reaction122, 203.  

Surprisingly, it was discovered on the addition of 0.1 mL of bovine liver catalase (20 

ς 50 mg mL-1) (see chapter 7) to an aqueous system containing 400 mM NH3, 1.3 

mM EDDS, 0.18 mM Cu(II), 70 mM H2O2, 1 mM PAP and 1 mM AHT at pH 10 and 20 

°C, that dye coupling was significantly accelerated. This is evident from Figure 95, 

for which PAP-AHT coupling was monitored at 550 nm by UV-vis spectroscopy. 

Upon addition of catalase at a reaction time of 30 minutes, a sharp increase in 

absorbance, due to increased dye formation, is apparent. 

The base, EDDS and Cu(II) concentrations that were used throughout the study 

provided a comparable system to commercial formulations, for observing dye 

formation. However, the concentration of hydrogen peroxide and dye precursors is 

substantially lower as this provided a composition where the rate of reaction was 

not too fast to follow. Dyes were also not subject to an excessive amount of 

degradation by reactive oxygen species under these conditions. The reactions were 

controlled at a temperature of 20 °C, which is lower than the temperature used in 

dyeing procedures, due to the heat of the scalp. Therefore, the rates of dye 

formation were expected to be lower than for commercial formulations. However, 

the rates of formation could be accurately compared when the base was changed. 
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Figure 95: Graph to show the increase in dye coupling on addition of 0.1 mL catalase 

to the following composition: 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM 

H2O2, 1 mM PAP and 1 mM AHT at pH 10 and 20 °C. 

  

When catalase was added to the aqueous dye bath at 30 minutes, the absorbance 

due to the dye produced increased almost instantaneously, due to increased 

oxidative dye coupling.  

Catalase, which is also present in hair follicles204, is known for catalysing the 

oxidation of aromatic amines and phenols to the reactive intermediates, required 

for the formation of dye molecules205. The active sites of catalase consist of four 

porphyrin heme groups (Figure 96). Experimental evidence has shown that these 

iron atom centres are responsible for the oxidation of aromatics. Even when the 

enzyme is denatured, the oxidative activity of these centres on substrates 

remains205. This could be the reason for increased dye formation in the model 

formulations when catalase was added. However, this needed verifying (see page 

164).  
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Figure 96: (Above left) the structure of human erythrocyte catalase (The four 

porphyrin heme groups are shown in blue). (Above right) the structure of each heme 

group206, 207. 

 

Catalase is thought to be present in the hair follicles to decompose any hydrogen 

peroxide that accumulates, via a non-radical pathway. This prevents free-radical 

mediated damage of melanocytes, which are responsible for producing the melanin 

that is found in hair fibres. It is thought that the presence of catalase in hair follicles 

could therefore be responsible for the prevention of hair greying. 

 



Chapter 4 
 

163 
 

4.3 Aims 

 

Rapid dye precursor oxidation was observed directly in several aqueous dye 

systems containing catalase. This led to the investigation of what causes dye 

formation within hair fibres. 

In order to probe the main species that is responsible for the oxidative dye 

formation in hair fibres, several areas were investigated. Firstly, the dye production 

in aqueous solutions was monitored in the presence of both pulverised hair and 

whole hair fibres. By using pulverised hair, diffusion of hair dye precursors into the 

hair fibre is no longer a factor. As a result, components within the hair fibre are 

more immediately accessible to the aqueous dye bath. The effect of oxidants on dye 

formation, within hair fibres, can thus be directly compared to the effect of oxidants 

that are accessible on the surface of whole hair fibres.  

There are many possible potential oxidants of dyes within hair fibres, including 

redox active organic molecules, such as melanin198, and redox metals. It was 

thought that the extent to which metals contribute to dye formation in hair fibres 

could be investigated. This could be done by comparing any differences in the rate 

of dye coupling for systems that contained demetallated hair and untreated hair. By 

treating pulverised hair with excess EDTA, the majority of endogenous metals 

should be removed. The effect that demetallated hair fibres have on dye coupling in 

aqueous solutions could then be investigated.  

Finally, it was thought that if metal ions were found to be responsible, even if only 

in part, for dye formation in the hair, the effect of specific metal ions on primary 

oxidation could be investigated. It is known that Cu(II) and Fe(III) are the more 

abundant redox metal ions within the hair fibre. If pulverised hair samples were to 

be dosed with either of these metal ions, then the effects they have on dye coupling 

in aqueous systems could be compared.   
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4.4 Results & Discussion  

 

4.4.1 The mechanism of dye formation by catalase  

 

Several dyeing experiments were performed to establish why the addition of bovine 

liver catalase to aqueous dye baths causes such a dramatic increase in dye coupling. 

The general conditions used were 400 mM base, 1.3 mM EDDS, 0.18 mM Cu(II), 70 

mM H2O2, 1 mM primary and 1 mM coupler, at pH 10 and 20 °C. The formation of 

dye was monitored using UV-vis spectroscopy, at a wavelength of 550 nm. 0.1 mL of 

bovine liver catalase (20 ς 50 mg mL-1) was then added at a reaction time of 30 

minutes. The increase in dye formation in each of the compositions can be observed 

in Figure 97. 

Each time, the base, coupler or primary was varied, whilst keeping their 

concentrations constant. The effects of altering these are shown in Figure 97. It was 

hoped that this approach would yield further information concerning the cause of 

rapid dye formation in the presence of catalase. 
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Figure 97: Graph to show the increase in dye reagent coupling on addition of 0.1 mL 

catalase to the following system: 400 mM base, 1.3 mM EDDS, 0.18 mM Cu(II), 70 

mM H2O2, 1 mM primary and 1 mM coupler at pH 10 & 20 °C 

 

Change of base 

By changing the base from NH3 to MEA, there was no significant change in the 

kinetics of dye coupling, showing that the same chemistry occurred regardless of 

which of these bases is used. 

 

Change of coupler 

When the coupler was changed from AHT to MAP, the kinetics of dye coupling were 

not altered significantly. This shows that the initial oxidation of primary is probably 

the step that is affected by the presence of catalase.  
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Change of primary 

On changing the primary from PAP to PPD the kinetics of dye formation appeared to 

change substantially.  

Initially, in the first 30 minutes of the reaction before catalase addition, dye 

formation is much slower than the equivalent PAP system. This may be because the 

oxidation of PPD to QDI is much slower than in the oxidation of PAP to quinone 

monoimine3, 208, 209. However, it is worth noting that the molar absorbance 

coefficients of the dyes that are formed will be different when the primaries are 

changed. This will affect the intensity of the colour formed when different dye 

systems are studied. 

Catalase addition does not appear to affect the rate of dye coupling in the PPD 

system as much as the PAP system. This has also been observed by Job and 

Dunford210 who report that, for compounds with the same substituents, the rate of 

aromatic amine oxidation by peroxidase is lower than it is with phenol oxidation. 

The peroxidase activity by catalase was confirmed by removal of hydrogen peroxide 

from the dye bath. The effect of catalase on primary oxidation under these 

conditions is shown in Figure 98. 
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Figure 98: Graph to show the effect of 0.1 mL catalase on the coupling of PAP-AHT, 

with and without the hydrogen peroxide in the following system: 400 mM NH3, 1.3 

mM EDDS, 0.18 mM Cu(II), 0.07 M H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. 

 

On addition of catalase to a system containing no H2O2, catalase causes a greater 

rate of oxidative dye coupling compared to the system, which contains H2O2 and no 

catalase. Presumably, this means that the heme centres in the catalase may 

contribute in some manner to oxidation of the primary. 

Furthermore, it is apparent that when H2O2 is introduced to the system containing 

catalase, the rate of oxidation of PAP is much greater than for the system containing 

no H2O2, indicating a reliance on the hydrogen peroxide. This suggests the 

mechanism of peroxidase activity by catalase is consistent with the work of Job and 

Dunford210: 

[1] E + H2O2 Ą E-I 

[2] E-I + AH2 Ą E-II + AHω 

[3] E-II + AH2 Ą E + AHω. 



Chapter 4 
 

168 
 

Here, E is the enzyme, E-I and E-II are different enzymatic intermediates, AH2 is the 

aromatic substrate and AHω Is the aromatic radical. 

Keilin and Hartree also report this peroxidase activity by catalase211. It is therefore 

evident that this could be the dominant mechanism by which catalase oxidises 

primary intermediates.  

The change in kinetics on changing the dye primary suggests that catalase is 

responsible for dye primary oxidation. The rate-determining step of the oxidative 

coupling is thus accelerated significantly and the rate of dye formation increases, as 

assessed by UV-vis spectroscopy. 

Having confirmed that catalase accelerates dye formation in aqueous solutions, it 

was decided to investigate whether or not a similar process could occur inside hair 

fibres, due to the presence of catalase. It is known that human hair catalyses the 

formation of hair dyes via the oxidation of precursors, such as p-phenylenediamine, 

within the fibre, but it is not known exactly what is responsible for this dye 

formation. With this in mind, an investigation of several aspects of dye formation 

inside hair fibres was undertaken. 

 

4.4.2 Comparison of whole hair and pulverised hair  

 

Since it was hypothesised that catalase might be responsible for the oxidation of the 

primary component in the hair, a decision was taken to first observe the effect that 

pulverised hair would have on dye formation. By using pulverised hair, potential 

oxidants, which are present inside the hair fibre, are more immediately accessible 

to the oxidisation of dye precursors. Their effect on dye formation can be 

monitored and compared to oxidants that are present on the surface of whole hair 

fibres.  

An aqueous dye bath containing 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 

mM H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C was set up and the reaction 

was monitored by UV-vis spectroscopy at 550 nm. At a reaction time of 25 minutes, 
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either pulverised or whole hair fibres were added to the dye bath for 1 minute. The 

solution was then centrifuged and the kinetics of dye formation in the supernatant 

solution was further studied by UV-vis. The results are shown in Figure 99.  

 

 

Figure 99: Graph to show the effect of adding pulverised hair or whole hair to an 

aqueous system containing 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 70 mM 

H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. 

 

It is evident that the addition of pulverised hair to dye systems increases the rate of 

dye formation substantially, when compared to behaviour involving whole hair 

fibres. This may be due to the increased rate of primary oxidation, by an oxidant 

within the hair. Furthermore, pulverised hair is shown to be capable of accelerating 

dye formation in an aqueous dye bath that contains the ligand EDDS. This shows 

that the oxidant is potentially a strongly bound metal ion within the hair, or a redox 

active organic molecule, such as melanin.  
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More evidence was needed in attempts to confirm the identity of the oxidant 

responsible for this increased coupling. It was therefore decided to determine 

whether or not the oxidation of dyes within the hair fibre is due to metal atom 

centres or alternative oxidants, such as redox active organic molecules. 

 

4.4.3 Dye precursor oxidation within hair f ibres  

 

Currently it is not clear what is responsible for the increased dye formation inside 

hair fibres. Bandrowski and Erdmann first observed oxidation of PPD in alkaline 

solutions212, 213. It is also known that dye precursors in aqueous solution are 

oxidised by molecular oxygen199, 214. The majority of the existing literature on dye 

formation in hair refers to both hydrogen peroxide and a base, such as ammonia, as 

being the cause of primary oxidation inside hair fibres50, 105, 215.  

However, these reasons would not explain why there is a large change in the 

kinetics of dye formation in aqueous systems on the addition of pulverised hair 

fibres, as shown in Figure 99. These data imply that an oxidant inside the fibre is 

likely to be responsible for the change in the kinetics. Redox-active organic 

molecules or a species with a metal atom centre are the more likely oxidation 

sources, as discussed below. 

 

Melanin 

It is possible that melanin, found within the cortex of the hair fibre plays a role in 

the oxidation of dye precursors, such as PPD. Melanin can exhibit redox 

behaviour197, 198 due to the reversible oxidation of dihydroxyindole units to the 

corresponding o-quninone (Figure 31). The conversion of these units is directly 

affected by the presence of metal cations, such as Fe(III).  

When redox active metal ions bind to melanin155, 156, 164, 167, 216, 217 their redox 

potential is altered and the decomposition of hydrogen peroxide is affected as a 
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result. However, this event is highly dependent on the concentration and type of 

metal cation. Additionally, if iron atoms are bound to melanin, the oxidation state 

of the metal centre becomes an important factor, as discussed in chapter 2. 

Different types of melanin have also been shown to exhibit different behaviour with 

regards to redox chemistry. For instance, pheomelanin has proven to be a pro-

oxidant, capable of oxidising the very precursors from which it is synthesised31, 

whereas eumelanin has been shown to inhibit the formation of radical oxidants32. 

The effect that melanin could have on hair dye formation is complicated and 

depends on metal atom concentrations and on the types of melanin that are 

present in the hair fibre, which varies from one person to another. Ultimately 

factors such as geography and ethnicity mean that this factor could vary 

considerably across the globe. 

 

Keratin 

There are multiple types of keratin protein present in human hair that are thought 

to bind to redox metal ions, primarily through their carboxylate groups218. The 

presence of metal ions and hydrogen peroxide could also result in oxidation of 

cysteine residues of keratin, to form sulfonic acids, which would also have an 

affinity for metal ions50, 219. The resulting keratin-metal atom complexes could be 

responsible for initial precursor oxidation. However, more likely, they effectively 

sequester metal ions and inhibit dye formation191.  

 

 Metal ion centres 

Redox-active metal ions are also present in hair fibres. These can potentially lead to 

the oxidation of hair dye primaries. It is possible that the metal ions can either 

oxidise the primary species directly or can result in the catalytic decomposition of 

hydrogen peroxide to form radical species that may also be capable of oxidising the 

primary species47. 
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4.4.4 EDTA treatment of pulverised hair  

 

Firstly, it was decided to narrow down the list of potential oxidants within hair 

fibres to metal atom centres. In order to try and determine the effect that metal 

atoms have on the oxidation of dye primaries, it was decided to remove any metal 

centres from the pulverised hair, using a strong chelant. The effect of this treated 

hair on dye formation could then provide information concerning the importance of 

metal ions in catalysing dye production inside the hair fibre.  

Pulverised hair was treated 3 times with 50 mM EDTA over a period of 48 hours. 

The hair was then rinsed extensively with deionised water to remove any excess 

EDTA. The pulverised hair was analysed using inductively coupled plasma mass 

spectrometry (ICP-MS) to determine the amount of metal ions that were removed 

from the hair. Approximately 40% of copper ions were removed. However, reliable 

data for the amount of iron ions that remained could not be obtained. 

A dye bath was set up that contained 400 mM NH3, 1.3 mM EDDS, 0.18 mM Cu(II), 

70 mM H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. At a reaction time of 30 

minutes, the rinsed pulverised hair was added and the kinetics of dye formation 

were monitored at 550 nm. The result is shown in Figure 100. 
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Figure 100: Graph to show the effect of pulverised hair and EDTA rinsed pulverised 

hair on the coupling of PAP-AHT in the following system: 400 mM NH3, 1.3 mM 

EDDS, 0.18 mM Cu(II), 0.07 M H2O2, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. 

 

It can be seen that there is some disparity between the initial rates of dye oxidation, 

before the addition of hair in some reactions. This is probably due to the fact that 

PAP begins to oxidise in water. It was necessary to dissolve the PAP in water before 

its addition to dye baths, to ensure that the dye solutions were homogeneous. As 

the time taken to dissolve PAP in water varied, it is possible that this had an effect 

on the amount of PAP that oxidised before the monitoring of the reaction, by UV-vis 

spectroscopy, began. This could have caused slight differences in the initial rate of 

dye formation. 

Despite this, Figure 100 clearly shows that the initial rate of dye formation, 

presumably due to either molecular oxygen or the alkaline hydrogen peroxide, is 

not altered significantly on addition of the EDTA treated hair. After the addition of 

non-treated pulverised hair to dye baths, the change in absorbance was 

approximately 1. When the EDTA rinsed hair was added this change in absorbance 














































































































































































